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Abstract 

In the brain information storage requires changes in the morphology and strength of synaptic 

connections in response to neuronal activity (plasticity). Activity-dependent modifications 

include alterations in synaptic structure and changes in strength of synaptic transmission. 

Plastic changes are strictly regulated by several molecules ensuring the long-term 

maintenance of memories and their specificity. Nogo-A is among the molecules crucial for 

maintaining the balance between plasticity and stability of synaptic contacts. Indeed, Nogo-A 

restricts both functional and structural plasticity by signaling via the binding of its two 

inhibitory domains to their cognate receptors. However, the underlying cellular and signaling 

processes mediating these effects of Nogo-A are still largely unknown.  

This study especially examined the Nogo-A signaling in reciprocally regulating excitatory and 

inhibitory signal transmission at a fast time scale. Whole-cell patch clamp during Nogo-A 

loss-of-function showed that Nogo-A signaling, especially via the S1PR2 regulates the 

strength of excitatory and inhibitory synaptic transmission in hippocampal neurons in a 

bidirectional manner, thus altering excitation/ inhibition balance. This reciprocal modulation of 

excitatory and inhibitory transmission by Nogo-A signaling is associated to alterations in the 

dynamics of neurotransmitter receptors at synapses. Within minutes, loss-of-function for 

Nogo-A signaling results in higher excitatory glutamate transmission by increasing the 

surface localization of synaptic AMPA receptors (AMPAR). Especially the AMPAR subunit 

GluA1 is recruited to the postsynaptic site, while GluA2 remains unaltered under conditions 

of Nogo-A inhibition. Furthermore, Nogo-A signaling regulates inhibitory GABAergic synaptic 

transmission by regulating GABAA receptor (GABAAR) clustering. Moreover, this study 

explored the downstream signaling mediating the effects of Nogo-A in regulating inhibitory 

synaptic transmission. While, upon Nogo-A loss-of-function changes in the clustering of the 

GABAAR-binding postsynaptic protein Gephyrin were not observed, an increase in 

intracellular Ca2+ and the activation of the Ca2+-dependent phosphatase Calcineurin are 

required for the decrease in the amount of GABAARs at synapses. Indeed, after blocking of 

Nogo-A function Calcineurin dephosphorylation of the GABAAR ɣ2 subunit at serine 327 

results in a decrease in the synaptic localization of GABARs.  

These results indicate a crucial role for the ability of Nogo-A signaling to modulate Ca2+ 

dynamics and consequently limit GABAAR mobility. The rise in intracellular Ca2+ upon Nogo-

A inhibition is due to influx across the plasma membrane rather that to its release from the 

internal stores. Overall, the data presented in this thesis show that Nogo-A acutely 

modulates the excitation/ inhibition balance in primary hippocampal neurons by controlling 

the synaptic localization respectively of GluA1 and GABAARs. 
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Zusammenfassung 

Im Gehirn basiert jede Informationsspeicherung auf Änderungen der Morphologie und Stärke 

von synaptischen Kontakten als Reaktion auf neuronale Aktivität (Plastizität). 

Aktivitätsabhängige Modifikationen treten an den prä- und postsynaptischen Strukturen auf 

und umfassen Änderungen in der synaptischen Organisation (strukturelle Plastizität) sowie in 

der Stärke der neuronalen Transmission (funktionelle Plastizität). Zur Stabilisierung des 

neuronalen Netzwerks werden plastische Veränderungen durch eine Vielzahl von 

Mechanismen und Molekülen streng reguliert. Zu den Molekülen, die für die 

Aufrechterhaltung des Gleichgewichts zwischen Plastizität und Stabilität entscheidend sind, 

gehört das Protein Nogo-A. Als Neurit-Wachstumsinhibitor limitiert Nogo-A sowohl die 

funktionelle als auch die strukturelle Plastizität. Jedoch sind die zugrunde liegenden 

zellulären Prozesse, die diese Effekte von Nogo-A vermitteln, noch weitgehend unbekannt. 

In dieser Studie wurde die Rolle von Nogo-A bei der wechselseitigen Regulierung von 

exzitatorischer und inhibitorischer Signalübertragung untersucht. Mit Hilfe von der Patch-

Clamp Elektrophysiologie konnte gezeigt werden, dass während des Funktionsverlusts von 

Nogo-A, die Stärke der exzitatorischen und inhibitorischen synaptischen Übertragung in 

Hippocampus-Neuronen bidirektional reguliert und so das Gleichgewicht zwischen Anregung 

und Hemmung verändert wird. Die Regulation der synaptischen Transmission wird auch über 

die Dynamik von Neurotransmitterrezeptoren reguliert. Der Funktionsverlust von Nogo-A 

führt unmittelbar zu einer erhöhten Anzahl von AMPA Rezeptoren (AMPAR) an 

exzitatorischen postsynaptischen Kompartimenten. Insbesondere die AMPAR-Untereinheit 

GluA1 wird, durch eine Inhibition von Nogo-A, vermehrt an die Postsynapse rekrutiert, 

während die Untereinheit GluA2 unverändert bleibt. Darüber hinaus beeinflusst Nogo-A die 

inhibitorische Transmission durch verstärkte Clusterbildung von postsynaptischen GABAA 

Rezeptoren (GABAAR). Die Regulierung der GABAAR Lokalisation ist nicht vom 

Gerüstprotein Gephyrin abhängig, dagegen ist die Aktivierung der Ca2+-abhängigen 

Phosphatase Calcineurin erforderlich. Durch Erhöhung des intrazellulären Ca2+-spiegels und 

die daraus resultierende Dephosphorylierung der GABAAR ɣ2-Untereinheit bei Serin 327 

durch Calcineurin bewirkt eine Verstärkung der GABAAR-Mobilität. Des Weiteren wurde 

gezeigt, dass der Anstieg der intrazellulären Ca2+-konzentration unabhängig von einer 

Freisetzung aus dem endoplasmatischen Retikulum ist. 

Zusammenfassend kann festgestellt werden, dass der Funktionsverlust des Nogo-A Proteins 

das Gleichgewicht zwischen Exzitation und Inhibition in primären Hippocampus-Neuronen 

akut moduliert, indem Nogo-A die synaptische Lokalisation von GluA1- bzw. GABAARs 

reguliert und entsprechend den Einfluss der Inhibition verstärkt. 
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1 Introduction 

The hippocampus, an evolutionary old region of the cortex (archicortex) resides deep within 

the temporal lobe in the human brain and the caudal portion of the rodent forebrain. The 

horseshoe shaped structure is organized in a laminar manner and has been extensively 

described by Camillo Golgi (1886) and Santiago Ramón y Cajal (1911). Interest in the 

hippocampus formation intensified when, based on the case of patient Henry Gustav 

Molaison (1926-2008), it was found to be essential for spatial navigation and formation of 

new declarative and episodic memories (Scoville & Milner, 2000). Further studies of the 

hippocampus revealed the first cellular correlate (long-term potentiation, LTP) for learning 

and memory processes (Bliss & Lomo, 1973). The hippocampus is known for a range of 

cellular phenomena related to learning, memory and spatial navigation that include structural 

and functional synaptic plasticity. Specific patterns of repeated neuronal activation generate 

plastic changes in the function and structure of hippocampal neurons underlying learning and 

memory processes. An important feature of the neuronal network for adaptive processes 

including learning and memory is the ability to maintain a balance between their plasticity 

and their stability. The tight balance between the stability and plasticity of the mature 

neuronal network is controlled by a set of molecules, including the protein Nogo-A. Nogo-A, 

has been described in the central nervous system (CNS), as a neurite outgrowth inhibitor 

preventing neuronal regeneration upon injury. Furthermore, Nogo-A restricts synaptic 

plasticity in the hippocampus and modulates neuronal communication through synaptic 

transmission in the intact brain. 

1.1 Synaptic plasticity and stability 

The hippocampal formation appears to play a unique role in processing and integrating a 

large amount of information about the environment. The ability of neurons to adapt to specific 

environmental stimuli involves alterations of local connections between distinct neurons and 

modification of neurons and synapses at a cellular level. Physical alterations that modulate 

neuron activity and communication include structural modifications, like re-wiring of the 

neuronal network. Furthermore, changes in the function of neurons is based on adjustments 

of neuronal excitability and modulation of synaptic efficiency (Voglis & Tavernarakis, 2006). 

Changes in synaptic strength depend upon neuronal activity and are thought to underlie 

learning and memory processes, as hypothesized more than 50 years ago, by Donald Hebb. 

His model, known as “Hebbian theory” postulates that the strength of synaptic transmission 

is dependent on neuronal firing and the amount of released messenger molecules (Hebb, 
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1949). Later, Bliss and Lømo confirmed experimentally the capacity of synapses to adapt to 

changes in neuronal activity by a long-lasting alteration in the strength of synaptic 

transmission. Thereby they identified Long-Term-Potentiation (LTP) as form of activity-

dependent plasticity correlated to learning and memory processes (Bliss & Lømo, 1973). LTP 

is the best described form of functional synaptic plasticity and can be divided in two phases 

depending on the time scale. During the early-phase, functional alterations occur locally at 

synapses and can last for minutes to hours. The experiments were carried out by electrical 

stimulation to increase excitatory postsynaptic potentials (EPSPs) after repetitive stimulation. 

The stimulated neurons released a higher amount of messenger molecules and as a 

consequence synaptic transmission was strengthened (Bliss, 1973). In the late-phase, 

structural modifications have been shown to occur at synapses. The number and morphology 

of synaptic connections was altered and shown to last for hours to days (Fifková & Van 

Harreveld, 1977; Yuste & Bonhoeffer, 2001). Next to LTP, prolonged low-frequency activity 

patterns induce Long-Term-Depression (LTD) characterized by a reduction in the strength of 

synaptic transmission (Bliss & Lømo, 1973; Dudek & Bear, 1992). Consequently, LTP and 

LTD can be considered as opposing phenomena, both associated with learning and memory 

processes in many organisms (Bear & Malenka, 1994; Siegelbaum & Kandel, 1991). The 

reinforcement or attenuation of synapses implicates many molecular mechanisms 

modulating synaptic transmission. 

 

1.1.1 Synaptic Transmission 

Synaptic transmission is the basis in shaping synaptic communication and plasticity. A 

synaptic connection consists of the presynaptic bouton on the one side and on the other side 

at a distance of ~20 nm of the postsynaptic density (PSD). Within the PSD, synaptic 

receptors are arranged and located on dendritic spines (excitatory synapses) or on the 

dendritic shaft (inhibitory synapses) as well as on the soma and axon (Di Maio, 2008; Megías 

et al., 2001). Predominantly excitatory synapses are present, with a majority of 80-90 % of 

total synapses in pyramidal neurons (Megías et al., 2001). Excitatory synapses connected to 

pyramidal neurons contain vesicles loaded with glutamate, thus called glutamatergic 

synapses. Inhibitory GABAergic synapses are characterized by interneurons, which vesicles 

are loaded with γ-aminobutyric-acid (GABA). Presynaptic changes in neurotransmitter 

release lead to postsynaptic modifications in number and properties of neurotransmitter 

receptors (Bliss & Collingridge, 1993). Upon binding of the neurotransmitter molecules, the 

excitatory postsynaptic current (EPSC) generated by the opening of glutamate receptors 

followed by an influx of positive ions, produces a depolarization. For an inhibitory synapse, 

the binding of GABA induces the opening of chloride channels, leading to a hyperpolarizing 
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inhibitory postsynaptic current (IPSC). It has been revealed, that in the modification of 

synaptic transmission, neurotransmitter receptors play a crucial role (Lüscher et al., 2000, 

Korte & Schmitz, 2016). The amount of incorporated receptors at the postsynaptic site, is 

important for efficiency of synaptic transmission (Heine et al., 2008; Nusser et al., 1997). Due 

to endocytic and exocytic processes, neurotransmitter receptors are not remaining stable in 

the postsynaptic membrane, they rather undergo constant turnover (Collingridge et al, 2004). 

Moreover, there are more receptor trafficking pathways than endocytosis and exocytosis 

from and to postsynaptic sites modifying receptor numbers at synapses, such as lateral 

diffusion (Choquet & Triller, 2013; Figure 1). Neurotransmitter receptors are in a dynamic 

balance between subcellular and subsynaptic compartments because of the interaction of 

lateral diffusion and receptor recycling (Triller and Choquet, 2005).  

 

Figure 1: Trafficking 

Pathways at Excitatory 

and Inhibitory Synapses 

Representation of excitatory 

(left, green +) and inhibitory 

(right, red -) pre- and 

postsynaptic connection 

along a piece of dendrite. At 

excitatory and inhibitory 

post-synapses, receptors are 

clustered in vicinity of 

neurotransmitter release 

sites. The receptor 

organization displays high 

dynamics and turnovers of 

their constituents. Receptor 

trafficking appears either 

intracellularly via endo- and  

exocytosis or on the cell surface via lateral diffusion. Regulation of the clustered receptor amount 

results from a complex dynamic equilibrium between all subcellular compartments.  

(Adapted from Choquet & Triller, 2013) 

 

Especially important for synaptic transmission are the ionotropic α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid receptors (AMPARs; Huganir & Nicoll, 2013). On the 

example of AMPARs, it was shown that receptor organization in the postsynaptic membrane 

is highly dynamic (Park, 2018). Surface AMPARs show fast switching between rapid diffusive 

and stationary behaviors depending on neuronal activity (Borgdorff & Choquet, 2002). 

Likewise γ-aminobutyric acid receptors (GABARs) located at inhibitory postsynaptic terminals 

change in number upon changes in neuronal activity (Bannai et al., 2009). Thus, the 

mechanisms related to receptor trafficking are aimed at controlling the excitation-inhibition 
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balance (E/I balance) of neurons regulating the strength of excitatory and inhibitory synaptic 

transmission.  

1.1.2 AMPAR mediated excitatory synaptic transmission 

The synaptic localization and trafficking of AMPARs are regulated by exocytosis, 

endocytosis, recycling, and lateral mobility along the surface membranes at the post-synapse 

(Borgdorff & Choquet, 2002; Park, 2018). These processes are key determinants of the 

efficiency of excitatory transmission (Heine, 2008).  

AMPARs are hetero-oligomeric proteins made of the subunits GluA1 to GluA4 (Hollmann, 

1994) in different combinations (Rosenmund et al.,1998). The great majority of AMPARs in 

the mature hippocampus are of two species: receptors containing GluA1 and GluA2 or those 

composed of GluA3 and GluA2 (Wenthold et al., 1996). All AMPAR subunits have an 

extracellular N-terminus, an intracellular C-terminus, and four membrane-associated 

hydrophobic domains. Through their C-terminal tails, each subunit interacts with specific 

cytoplasmic proteins regulating AMPAR maturation, trafficking and channel function (Malinow 

& Malenka, 2002). 

Regulation of AMPAR functional properties and trafficking is critical for basal excitatory 

synaptic transmission and also for long-term synaptic plasticity, such as LTP and LTD 

(Huganir & Song, 2002). Direct phosphorylation of AMPAR subunits regulate receptor 

properties and potentiate synaptic transmission (Blackstone et al., 1994; McGlade-Mcculloh 

et al., 1993). Indeed, the phosphorylation of GluA1 and GluA2 subunits are regulated by 

neuronal activity leading to a higher efficiency of AMPAR channel conductance (Derkach et 

al,. 1999). Besides the regulation of the properties of individual receptors, changes in the 

number of AMPARs at the post-synapse is involved in modulating synaptic strength. Sorting 

and recycling of AMPARs to and from the synapse play a critical role in the dynamic 

equilibrium of receptors at synapses to regulate the strength of synaptic transmission 

(Huganir & Nicoll, 2013). Additionally, AMPARs are rapidly mobile within the plane of the 

plasma membrane, where they can diffuse in and out of the synapse (Borgdorff & Choquet 

2002).  
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Figure 2: AMPAR trafficking 

AMPARs are concentrated on 

the synaptic membrane and 

can rapidly enter and exit 

synapses. The rapid trafficking 

of AMPARs can be laterally in 

the extrasynaptic plasma 

membrane.  

Moreover AMPARs can be 

endocytosed and sorted by 

endosomes for recycling or 

degradation. The dynamic of 

AMPAR trafficking is 

dependent on neuronal activity 

and can result in a higher 

amount of postsynaptic 

AMPARs during LTP and 

controversially in a reduction of 

surface AMPARs upon LTD. 

Thereby AMPARs are involved 

in excitatory synaptic strength. 

(Adapted from Huganir & 

Nicoll, 2013, drawing Hussain) 

 

AMPAR trafficking is demonstrated to be subunit-dependent with differences between GluA1 

and GluA2. Upon LTP induction in hippocampal organotypic slices, the AMPAR subunit 

GluA1 is recruited to the postsynaptic site (Hayashi et al., 2000). On the contrary, the GluA2-

containing AMPARs undergo activity-dependent endocytosis upon LTD (Shi et al., 2001). 

Indeed, GluA2-lacking AMPARs, most likely GluA1 homomers, are Ca2+-permeable and 

associated with LTP and synaptic plasticity (Plant et al., 2006). Interestingly, surface GluA2 

exhibit lateral mobility in and outside of synapses, regulated by intracellular Ca2+ dynamics 

and thereby act as an important controlling step for synaptic plasticity (Borgdorff & Choquet, 

2002; Tardin et al.,2003).  

Taken together, the GluA1 and GluA2 subunits show specific synaptic trafficking resulting in 

alterations of AMPAR-mediated excitatory signal transmission. Surface AMPARs are mobile 

via lateral diffusion and can be trapped at synapses by short-term potentiation. Upon a long-

term neuronal activity newly exocytosed AMPARs are recruited to the postsynaptic surface 

(Park, 2018).  

 

1.1.3 GABAergic inhibitory synaptic transmission 

Upon its release at inhibitory synapses, GABA binding to the Cys-loop of heteropentameric 

GABAAR determines the opening of the chloride ion-selective channel (Barnard et al., 1998) 
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thereby reducing neuronal excitability. Consisting of different subunit combinations, 

GABAARs exhibit different channel gating properties, expression levels during development 

or accumulation dynamics at the neuronal surface. In the hippocampus, GABAARs are 

composed of two α1, α2, or α3 subunits together with two β2 or β3 subunits and a single ɣ2 

subunit (Luscher et al., 2011). The GABAAR ɣ2 subunit is essential for postsynaptic 

clustering, thereby regulating the strength of GABAergic synapses (Essrich et al., 1998). The 

strength of GABAergic transmission is correlated to the number of GABAARs at the synapse 

(Nusser et al., 1997) derived from their insertion and internalization (Collingridge et al. 2004). 

Furthermore, lateral diffusion of surface GABAARs plays a crucial role in their clustering at 

postsynaptic sites (Triller & Choquet, 2005). GABAAR diffusion properties, formation of 

receptor clusters and their stability are controlled by their interaction with the scaffolding 

protein Gephyrin (Jacob et al., 2005) which mediates the association with the cytoskeleton 

and the stability of GABAAR ɣ2 (Choquet & Triller, 2003). Indeed, Gephyrin knockout mice, 

show a total loss in postsynaptic GABAAR ɣ2 clusters without alterations in the total levels of 

functional GABARs (Kneussel et al. 1999). This indicates a role of Gephyrin in reducing the 

diffusion by facilitating the accumulation of GABAAR containing the ɣ2 subunit (Kneussel & 

Betz, 2000). On the other hand, in cultured hippocampal neurons GABAAR mobility and 

clustering can also be regulated independently of Gephyrin. Upon neuronal activity, Ca2+-

permeable ionotropic glutamate receptors (GluRs) are activated and the intracellular Ca2+ 

concentration increases. Especially Ca2+ entry through NMDARs was shown to lead to an 

increase in GABAAR cluster dispersal and lateral mobility (Muir et al., 2010). Due to the rise 

in intracellular Ca2+, the Ca2+/calmodulin-activated phosphatase, Calcineurin is activated, 

leading to a reduction in number of synaptic GABAARs (Wang et al., 2003). The key 

phosphorylation site targeted by Calcineurin is serine 327 (Ser327) within the GABAAR ɣ2 

subunit (Moss et al., 1992). The declustering of synaptic GABAARs induced by an increase in 

neuronal excitation and Calcineurin activation, was shown to precede alterations in Gephyrin 

clustering (Niwa et al., 2012). Thus, the lateral diffusion dynamics of GABAARs can be 

affected on the one hand by alterations in the scaffold protein Gephyrin and on the other 

hand, by the Calcineurin-mediated phosphorylation of GABAAR ɣ2 at Ser327 (Figure 3).   
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Figure 3: Regulation of GABAAR accumulation and lateral diffusion at postsynaptic sites 

Postsynaptic GABAARs are stabilized and anchored by the scaffold protein Gephyrin. Gephyrin 

immobilizes GABAARs through interaction with their GABAAR subunit ɣ2. Upon excitation, the Ca
2+

-

permeable ionotropic glutamate receptors are activated resulting in an increase in GABAAR dispersal 

from postsynaptic clusters. This Ca
2+

 influx via NMDARs triggers the Ca
2+

/calmodulin-activated 

phosphatase, Calcineurin and leads to dephosphorylation of GABAAR ɣ2 at their phosphorylation site 

serine 327 (S327). The postsynaptic confinement of GABAARs is reduced, because of an activity-

dependent increase in GABAAR lateral mobility. (Adapted from Luscher et al., 2011) 

 

In summary, the efficiency of GABAergic synaptic transmission depends upon the amount of 

functional postsynaptic GABAARs. Therefore, the regulation of GABAAR accumulation at 

synapses and their trafficking is crucial for the strength of inhibitory signaling. Upon 

excitatory transmission and the resulting intracellular rise in Ca2+ concentration, the lateral 

mobility of GABAARs increases. 

1.1.4 The role of postsynaptic calcium 

Neurons possess a highly developed molecular machinery for controlling intracellular Ca2+ 

concentration, crucial for regulating many aspects of neuronal and synaptic functions (Voglis 

& Tavernarakis, 2006). Synaptic activation has been shown to lead to Ca2+ influx into 

dendrites and dendritic spines. While the resting Ca2+ levels in spines are similar to those in 

dendrites, spines reach a higher Ca2+ concentration after synaptic stimulation (Müller & 

Connor, 1991; Yuste et al., 2000). Ca2+ influx during synaptic activation directly into the 

spines is mediated through ion channels on the spine head. In hippocampal pyramidal 

neurons, postsynaptic Ca2+ influx is mainly mediated by N-methyl-D-aspartic acid receptors 

(NMDARs; Müller & Connor, 1991). NMDARs belong to a class of ionotropic glutamate 

receptors that also includes AMPARs (Dingledine et al., 1999). Presynaptic glutamate 

release triggers AMPARs to become permeable for monovalent cations like sodium (Na+) 

and potassium (K+) leading to changes in the postsynaptic membrane potential. Under 
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resting membrane potential, the channel of NMDAR is blocked by the presence of 

magnesium (Mg2+), which is removed by postsynaptic depolarization generated by AMPARs. 

Thus, NMDARs increase Ca2+ influx, and thereby the activation of Ca2+-dependent 

intracellular pathways mediating long-lasting alterations in synaptic efficiency (Collingridge et 

al. 2004). NMDARs are primarily located at postsynaptic sites and contribute to influx of 

external Ca2+, whereas the intracellular supply of Ca2+ is regulated by the endoplasmic 

reticulum (ER). To regulate neuronal processes, neurons use both extracellular and 

intracellular sources of Ca2+ (Burgoyne, 1987). Ca2+ influx and efflux, as well as Ca2+ 

dynamics from the internal stores are essential for synaptic transmission and adaptive 

processes in neuronal excitation and inhibition.  

 

1.2 The role of Nogo-A signaling  

After injury in the mature CNS the regenerative ability is limited. Pioneering work in the late 

1980s identified growth inhibitory molecules, which block axonal sprouting and regeneration 

after injury specifically in the mature CNS (Schwab & Thoenen, 1985). One intensively 

studied member of the family of inhibitory proteins is the myelin-associated neurite outgrowth 

inhibitor Nogo-A (Chen et al., 2000; GrandPré et al., 2000; Prinjha et al., 2000; Spillmann et 

al, 1998). The growth restricting properties of Nogo-A have been shown to be important in 

regulating development and neuronal activity, structural and functional synaptic plasticity and 

memory in the mature CNS (Akbik et al., 2012; Giger et al., 2010; McGee at al., 2005; 

Mironova & Giger, 2013; Schwab & Strittmatter, 2014; Zagrebelsky et al., 2017; Fricke et al., 

2019). 

1.2.1 Nogo-A proteins  

A certain degree of stability in the architecture of the mature neuronal network is crucial for 

its correct function in storing information. On the other hand, adaptive processes in the 

morphology and function of synaptic connections in response to neuronal activity are 

required for learning processes. Among the molecules involved in maintaining the stability 

within the highly plastic neuronal networks, is the neurite outgrowth inhibitor Nogo-A.  

In the adult brain, Nogo-A is mainly expressed in myelin-forming oligodendrocytes but also in 

hippocampal and cortical pyramidal and interneurons as well as in neurons of the olfactory 

bulb (Caroni & Schwab, 1988; Huber et al., 2002; Spillmann et al., 1998). Nogo-A is a 

transmembrane protein and belongs to the reticulon family encoded by the reticulon gene 4 

(RTN-4; GrandPré et al., 2000). Nogo-A and the Nogo-B and Nogo-C isoforms are generated 

by alternative splicing or different promoter usage (Chen et al., 2000; GrandPré et al., 2000; 
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Prinjha et al., 2000). All three Nogo isoforms share a common C-terminal domain of 188 

amino acids, containing two long membrane-anchored hydrophobic stretches linked by a 

hydrophilic-loop. While the C-terminus is highly conserved within the reticulon family, the N-

terminal region is different in topology and is different for each isoform, being especially long 

and complex for Nogo-A. Due to its long transmembrane regions, the position of the N-

terminus can vary between a cytoplasmic or an extracellular localization (Schwab, 2010). 

Nogo-A is localized predominantly in the ER and at the cell membrane and changes the 

configuration of its topology after trafficking from the ER to the plasma membrane (Dodd et 

al., 2005). Furthermore, Nogo-A can be localized at synapses, both pre- and post-

synaptically (Aloy et al. 2006). Surface Nogo-A signaling is mediated by two separate 

extracellular domains (Nogo-A-∆20 and Nogo-66) which interact with different receptors, 

namely Sphingosine-1-Phosphate receptor 2 (S1PR2) and the recently found Heparan 

sulfate proteoglycans (HSPGs) or Nogo receptor 1 (NgR1) and Paired immunoglobulin-like 

receptor B (PirB), respectively (Fournier et al., 2001; Kempf et al., 2014; Atwal et al., 2008; 

Kempf et al., 2017).  

1.2.2 Nogo-A signaling and its effect on structural and functional plasticity 

Nogo-A signaling is due to two active domains: Nogo-66 domain and Nogo-A-∆20. The 

Nogo-66 receptor 1 (NgR1) is a glycosylphosphatidylinositol (GPI) anchored membrane 

protein, which lacks an intracellular signaling domain and is thus part of a receptor complex, 

including the leucine-rich repeat and Ig domain-containing NgR1-interacting protein LINGO-

1, the low-affinity neurotrophin receptor p75NTR or the TNF receptor orphan Y (Troy; Fournier 

et al., 2001; Mi et al., 2004; Wang et al., 2002). This receptor-complex leads to downstream 

activation of the RhoA-dependent pathway. The small GTPase RhoA activates the RhoA-

specific kinase ROCK, resulting in actin depolymerization via the regulation of ROCK-

dependent LIM kinase (LIMK) as well as the Slingshot (SSH) phosphatase (Niederöst et al., 

2002; Schwab, 2010). As a consequence of Nogo-A signaling the actin cytoskeleton is 

destabilized by the activation of ADF/cofilin and its F-actin severing activity (Hsieh et al., 

2006; Iobbi et al., 2017). 

The second Nogo-A specific extracellular domain, Nogo-A-Δ20 interacts with the S1PR2. 

Activation of S1PR2 has been shown to regulate the activity of the G-protein G13 which in 

turn activates the leukemia-associated Rho guanine exchange factor (LARG). Like for the 

NgR1 pathway, also here the same RhoA/ ROCK signaling pathway is activated (Kempf et 

al., 2014). Both inhibitory domains, acting via either NgR1 or S1PR2 have an effect on the 

regulation of the actin cytoskeleton and thereby contribute to modulate functional and 

structural plasticity (Zagrebelsky & Korte, 2014). 
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Figure 4: Nogo-A signaling 

Nogo-A consists of two inhibitory 

domains: 

Nogo-A-Δ20 binding to S1PR2 and 

HSPGs (left), thereby activating G-

protein G13, followed by leukemia-

associated Rho guanine exchange 

factor LARG; Nogo-66 binding to 

NgR1 and PirB (right). NgR1 is part 

of a receptor complex including two 

transmembrane co-receptors: 

p75
NTR

 or TROY and LINGO1. 

Nogo-A signaling via the two 

receptor systems converges 

downstream onto the RhoGTPase 

RhoA and the Rho-associated 

kinase (ROCK) resulting in actin 

depolymerization via the regulation 

of LIMK and cofilin, increased 

actomyosin contraction via 

regulation of the Myosin Light 

Chain 2 (MLC2) and microtubule 

disassembly via the Collapsin 

Response Mediator Protein 2 

(CRMP2; Zagrebelsky & Korte, 

2014) 

 

It has been demonstrated, that Nogo-A and NgR1 constrain axonal growth, modulate 

dendritic branching, and enhance spine turnover rate and density (Kellner et al., 2016; Akbik 

et al., 2013; Wills et al., 2012; Craveiro et al., 2008; Schwab, 2010; Zagrebelsky et al., 2010). 

Nogo-A signaling via NgR1 limits plasticity in the intact CNS by stabilizing activity-dependent 

anatomical rearrangements. Especially in the early postnatal CNS, NgR1 has an essential 

role in experience-driven network refinement during closure of the critical period (Mironova 

and Giger, 2013). In the visual cortex genetic ablation of Nogo-A or of its receptor NgR1 

prolonged ocular dominance plasticity beyond the end of the critical period far into adult age 

in mice (McGee et al., 2005). In the mature CNS, NgR1 expression is regulated in an activity-

dependent manner (Josephson et al., 2003) and plays a crucial role in the consolidation of 

neuronal circuits (Akbik et al., 2013). In addition to the Nogo-A/ NgR1 signaling, likewise the 

Nogo-A-∆20 domain interacting with S1PR2 is described as an important regulator of 

synaptic stabilization in the adult CNS (Kempf et al. 2014). When the Nogo-A/ S1PR2 

signaling is acutely blocked by function-blocking antibodies for Nogo-A-∆20 or by 

pharmacologically inhibiting S1PR2, hippocampal and cortical synaptic plasticity is increased 

(Zagrebelsky & Korte, 2014). In hippocampal neurons, blocking NgR1 or S1PR2 results in 

significant increase in dendritic spine density and elongation associated to the fast 
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stabilization of the actin cytoskeleton shown by an increase in turnover time and in the stable 

actin fraction (Kellner et al. 2016). Finally, recently published data show a role of Nogo-A/ 

S1PR2 signaling in modulating Ca2+ dynamics (Fricke et al. 2019). The role of Nogo-A 

signaling, via its receptors NgR1 and S1PR2 in regulating the plasticity of the mature 

neuronal circuits suggests also a role in regulating synaptic transmission. 

1.2.3 Nogo-A in regulating neurotransmitter receptors 

Activity-dependent long-lasting alterations in the efficiency of synaptic transmission can be 

expressed as LTP and LTD and are correlated to changes in functional and structural 

plasticity. Nogo-A signaling through its receptors NgR1 and S1PR2 has been shown to 

negatively regulate functional synaptic plasticity, resulting in higher LTP after acute 

neutralization of either the Nogo-A-∆20 or NgR1 as well as blocking the S1PR2 (Delekate et 

al., 2011; Iobbi et al., 2017; Zemmar et al., 2014). In this regard, it is interesting that, 

manipulating Nogo-A signaling results in alterations of synaptic levels and trafficking of 

AMPARs or NMDARs. Downregulation of Nogo-A or NgR1 mediated by siRNA leads to 

increased levels of AMPAR (GluA1/ GluA2) and NMDAR (GluN1/ GluN2/ GluN2B) subunits 

(Peng et al., 2011). Moreover, NgR1 signaling regulates the insertion of AMPARs at synaptic 

sites. In NgR1-deficient mice, a higher level of AMPARs was detected within dendritic spines 

of the adult barrel cortex (Jitsuki et al. 2016). Interestingly, while whisker experience-driven 

synaptic AMPAR insertion normally ends two weeks after birth in wild-type mice, in NgR1-

deficient mice, it is extended beyond this time and AMPARs are also expressed on newly 

formed spines (Jitsuki et al. 2016). These findings indicate an essential role for NgR1 in 

limiting AMPAR insertion at synapses, possibly thereby restricting excitatory synaptic 

transmission. The effect of Nogo-A in restricting AMPAR insertion into synaptic sites can be 

also observed at a fast time scale (of minutes) and is mediated by its signaling via both 

receptor cascades. After acute loss-of-function of Nogo-∆20 signaling, surface AMPAR 

density was shown to be increased by imaging SEP-GluA1 (Kellner et al. 2016) and the 

AMPAR GluA1 protein levels in synaptosomes was higher than under control conditions 

(Fricke et al. 2019). Furthermore, Fricke et al., 2019 observed in a whole-cell patch clamp 

configuration an increase in mEPSC amplitude after treatment with Nogo-A blocking 

antibodies. Taken together these observations indicate a role of Nogo-A in modulating 

AMPAR-mediated excitatory synaptic transmission.  

Nogo-A signaling has further an influence on modulating GABARs and thereby inhibitory 

synaptic transmission. Using siRNA knockdown for NgR1 and in NgR1 knockout mice, 

specifically the expression of type B GABAR (GABABR) proteins was increased. without 

changes in the GABAAR levels (Murthy et al., 2013). Nonetheless, Nogo-A signaling via 

S1PR2 restricts synaptic GABAAR diffusion at a fast time scale (Fricke et al., 2019). In 
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Quantum dot-based single-particle tracking experiments, the lateral mobility of GABAARs 

was increased upon Nogo-A loss-of-function. Acute loss-of-function for Nogo-A-∆20 

enhanced GABAAR diffusion dynamics already after minutes. These results were supported 

by the observation of a decreased GABAergic-mediated mIPSC amplitude upon loss-of-

function for Nogo-A/ S1PR2 signaling (Fricke et al. 2019).  

Notably, Nogo-A signaling regulates both excitatory and inhibitory synaptic transmission in a 

reciprocal manner by modulating AMPAR and GABAAR dynamics. Signaling via either NgR1 

or S1PR2 restricts AMPAR insertion and stabilizes GABAAR clustering, however their sphere 

of influence as well as the timing of their action seems to be different.  

 

1.3 Aim of the thesis 

In the neuronal network, the maintenance of a certain degree of stability underlies the correct 

neuronal communication and is required for the long-term storage of information. On the 

other hand, learning and memory processes relay on changes in the morphology and 

strength of synaptic connections in response to neuronal activity. The neurite growth inhibitor 

Nogo-A negatively modulates structural and functional plasticity. Nogo-A signaling via its 

receptors S1PR2 and NgR1 affects synaptic transmission and restricts activity-dependent 

adaptive processes in hippocampal neurons. Upon Nogo-A loss-of-function AMPAR insertion 

at the synapse is increased, while GABAR clustering at postsynaptic sites is decreased. 

Moreover, manipulating Nogo-A signaling results in changes in excitatory and inhibitory 

postsynaptic currents at a fast time scale. In this context, it is interesting to examine the 

cellular and molecular processes mediating the effects of Nogo-A signaling in reciprocally 

modulating excitatory and inhibitory synaptic transmission within minutes, especially 

addressing the rapid effects on AMPAR-and GABAAR-mediated synaptic transmission. Thus, 

this study started by addressing in detail the specific roles of the two Nogo-A receptors, 

S1PR2 and NgR1 in modulating AMPAR and GABAAR synaptic localization. Moreover, 

previous electrophysiological data have shown that Nogo-A signaling reciprocally regulates 

excitatory and inhibitory synaptic transmission shifting the E/I balance toward more inhibition. 

However, the question remained open of whether this shift in E/I balance occurs at a network 

or at a single cell level. This question was addressed here by analyzing the effects of 

different manipulation of Nogo-A signaling on AMPAR and GABAAR localization within the 

dendrites of single cells. Finally, Ca2+ dynamics are crucial for synaptic transmission and are 

modulated by Nogo-A signaling. However, the source of Ca2+ influx and its requirement for 

the regulation of AMPAR and GABAAR trafficking by Nogo-A remains unknown and was 

addressed in this study.  
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Taken together, previous findings indicate a clear need for Nogo-A signaling in maintaining 

the weight of synaptic transmission. This study on one hand describes a role for Nogo-A in 

regulating inhibitory and excitatory synaptic transmission and on the other hand provides 

new insights into the cellular and molecular mechanism mediating this function of Nogo-A.  
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2 Material and Methods 

2.1 Solutions and Media 

 Borate-Buffer (Glass coverslips)   

 Boric acid 0.310 g 

 Borax 0.475 g 

 dH2O 100 ml 

 Adjust pH to 8.5 (1 M HCl)   

    

 Poly_L-Lysin stock solution   

 Poly-L-Lysin hydrobromide 10 mg/ ml 

    

 Gey`s balanced salt solution (GBSS)   

 CaCl2*2H2O 1.5 mM 

 D-Glucose 5.5 mM 

 KCl 5 mM 

 KH2PO4 0.22 mM 

 MgCl*6H2O 1 mM 

 MgSO4*7H2O 0.28 mM 

 NaCl 137 mM 

 NaHCO3 2.7 mM 

 NaH2PO4 0.86 mM 

 Dilute in dH2O; sterile filtrate (store at 4°C) 0.86 mM 

    

 Preparation solution primary cultures   

 GBSS 98 ml 

 Glucose (50%) 1 ml 

 Adjust pH to 7.2 (1 M HCl), sterile filtrate (store at 4°C) 

  

 Serum Medium primary cultures   

 DMEM (1x) 10 ml 

 FCS 200 µl 
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 Culture Medium, NB+ primary cultures 

 Neurobasal Medium, 45 ml 

 B27 1 ml 

 L-Glutamin (200 mM) 125 µl 

 N2 (10x) 5 ml 

    

 Kynurenic acid   

 Kynurenic acid 946 mg 

 NaOH 1 M  5 ml 

 Add 45 ml dH2O; sterile filtrate (store in 1 ml fractions at -20°C) 

    

 Glucose (50%)   

 Glucose  50 g 

 dH2O 50 ml 

 Dissolve while heating, sterile filtrate (store at -20°C) 

    

 Preparation solution organotypic cultures 

 GBSS 98 ml 

 Glucose (50%) 1 ml 

 Kynurenic acid 1 ml 

 Adjust pH to 7.2 (1 M HCl), sterile filtrate (store at 4°C) 

    

 Culture Medium organotypic cultures 

 BME-Medium 100 ml 

 HBSS 50 ml 

 Equine donor serum  50 ml 

 L-Glutamin (200mM) 1 ml 

 Glucose (50%) 2 ml 

    

 Antimitotics   

 Uridine 1 mM 

 Cytosin-β-D-Arabinofuranosid Hydrochlorid 1 mM 

 5-Fluoro-2´-Deoxyuridin 1 mM 

 Stock solutions 1:1; sterile filtered (stored at -20°C) 
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 Phosphate buffer (PB, 0.1 M)   

 
NaH2PO4*2H2O 

0.02
0 

M 

 
Na2HPO4*2H2O 

0.08
5 

M 

 Dilute in dH2O, adjust pH to 7.4   

    

 Phosphate buffered saline (PBS)   

 KH2PO4*2H2O 1.5 mM 

 KCl 2.7 mM 

 NaCl 137 mM 

 Na2HPO4*2H2O 10.4 mM 

 Dilute in dH2O, adjust pH to 7.4   

    

 Quenching Solution   

 NH4Cl2 50 mM 

 Dilute in PBS (1x)   

    

 Hank’s balanced salt soulution (HBSS)   

 HBSS (10x) 50 ml 

 NaHCO3 175 mg 

 CaCl2*2H2O 147 mg 

 Glucose 1351 mg 

 Filled up to 500ml dH2O   

    

 Artificial Cerobrospinal Fluid (ACSF)   

 CaCl2*2H2O 2 mM 

 D-Glucose*H2O 25 mM 

 KCl 2.5 mM 

 NaH2PO4 1.25 mM 

 NaCl 125 mM 

 MgCl2*6H2O 2 mM 

 NaHCO3 26 mM 

 Adjust pH to 7.4 (Carbogen)   

    

 Internal solution for whole cell patch recordings mEPSCs 

 K-Gluconate 126 mM 
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 KCl 4 mM 

 HEPES 10 mM 

 Phosphocreatine Na+ 10 mM 

 MgATP 4 mM 

 NaGTP 0.3 mM 

 Adjust pH to 7.3 (1 M NaOH), Osmolarity 290±10 mOsm 
(Succrose) 

    

 Internal solution for whole cell patch recordings mPSCs 

 CaCl2 0.5 mM 

 CsCl 130 mM 

 EGTA 5 mM 

 HEPES 30 mM 

 MgCl2 1 mM 

 NaCl 5 mM 

 Adjust pH to 7.3 (1 M NaOH), Osmolarity 290±10 mOsm 
(Succrose) 

 

2.2 Chemicals and Peptides 

Chemical/ Peptide Source Identifier Concentration 

JTE-013 Tocris Cat# 2392     5 µM 

∆20-Peptide Gift from M.E. 

Schwab (ETH and 

University of Zurich) 

Oertle et al., 2003 300 nM 

P4-Peptide Alpha Diagnostic 

International 

Cat# Nogo-P4     4 µM 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich Cat# 67685  

Cyclopiazonic acid (CPA) Tocris Cat# 1235   10 µM 

Tetrodotoxin citrate (TTX) Tocris Cat# 1069     1 µM 

CNQX disodium salt Tocris Cat# 1045   20 µM 

NBQX Tocris Cat# 0373     5 µM 

DL-AP5  Tocris Cat# 0105   50 µM 
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Bicuculline methiodide Tocris Cat# 2503   10 µM 

Cyclosporine A (CysA) Tocris Cat# 1101     1 µM 

EGTA Sigma-Aldrich Cat# E3889     2 mM 

BAPTA-AM Sigma-Aldrich Cat# A1076   10 µM 

 

2.3 Antibodies  

Antibody Source Identifier Dilution 

Mouse IgG1 anti-BrdU (Control Gift from M.E. 

Schwab (ETH and 

University of Zurich) 

Kempf et al., 2014 5 µg/ mL 

Mouse IgG1 anti-Nogo-A Gift from M.E. 

Schwab (ETH and 

University of Zurich) 

Oertle et al., 2003 5 µg/ mL 

Goat anti-NgR1 R&D Systems Cat# AF1440 5 µg/ mL 

Rabbit anti-GABAAR ɣ2 Alomone Labs Cat# AGA-005 1:500 

Guinea pig anti-GABAAR ɣ2 Synaptic Systems Cat# 224004 1:500 

Rabbit anti-GABAAR ɣ2 pSer327 Abcam Cat# ab73183 1:500 

Guinea pig anti-GABAAR α2 Synaptic Systems Cat# 224104 1:500 

Chicken anti-Synapsin1/2 Synaptic Systems Cat# 106006 1:1000 

Rabbit anti-Synapsin1/2 Synaptic Systems Cat# 106002 1:1000 

Guinea pig anti-Gephyrin Synaptic Systems Cat# 147318 1:500 

Rabbit anti-myc Tag Thermofisher 

scientific 

Cat# PA1-981 1:500 

Guinea pig anti-AMPAR 1 GluR1 Alomone Labs Cat# AGP-009 1:50 

Rabbit anti-AMPAR 2 GluR2 Alomone Labs Cat# AGC-005 1:50 

Rabbit anti-phospho-p44/42 MAPK Cell-Signaling Cat# 4370 1:500 

Rabbit anti-phospho-CREB 

(Ser133) 

Cell-Signaling Cat# 9198 1:500 
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Rabbit anti-cFOS Synaptic Systems Cat# 226003 1:10,000 

Mouse anti-MAP2 Abcam Cat# ab24640 1:500 

anti-mouse Cy2 Jackson Laboratories Cat# 115-225-146 1:500 

anti-guinea pig Cy3 Jackson Laboratories Cat# 706-166-148 1:400 

anti-rabbit Cy2  Jackson Laboratories Cat# 111-225-144 1:500 

anti-rabbit Cy3 Jackson Laboratories Cat# 111-165-144 1:400 

anti-rabbit Cy5 Jackson Laboratories Cat# 711-175-152 1:400 

anti-chicken Alexa Fluor488 Jackson Laboratories Cat# 703-545-155 1:400 

anti-chicken Cy5 Jackson Laboratories Cat# 703-175-155  1:400 

 

2.4 Recombinant DNA 

Recombinant DNA Source Identifier Concentration 

pK5_GABAR_6xmyc_ɣ2 Gift from J. Kittler 

(University College 

London) 

Muir et al., 2010 0.8 µg 

pK5_GABAR_6xmyc_ɣ2S327A Gift from J. Kittler 

(University College 

London) 

Muir et al., 2010 0.8 µg 

pCMV-GCaMP5g Addgene Cat# 31788 0.8 µg 

ER-GCaMP6-150 Addgene Cat# 86918 0.8 µg 

 

2.5 Mouse strains 

To examine the role of Nogo-A in the mouse hippocampus, mice with C57Bl/6 background 

were used. All experiments performed in this study were authorized by the animal welfare 

representative of the TU Braunschweig and the LAVES (Oldenburg, Germany, Az. §4 (02.05) 

TSchB TU BS). The animals were maintained under a 12‐h light/dark cycle in standardized 

cages.  
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2.6 Preparation of Poly-L-Lysine-Coated Coverslips 

Glass coverslips used for hippocampal primary cultures had a diameter of 13 mm and a 

thickness of 1 mm. They were incubated in 10 M NaOH for 3-5 h at 100°C and subsequently 

washed 5 times with MilliQ water for a total time of 20 min. The sterilization of the coverslips 

was performed at 225°C for 6 h. Next the coverslips were coated with 0.5 mg/ml poly-L-

Lysine in boric acid buffer at 37°C for 2-3 h. As a final step, the coverslips were washed 4-

5 times with sterile MilliQ water, dried and stored at 4°C.   

2.7 Preparation of hippocampal primary cultures 

Dissociated cultures of mouse hippocampal neurons were prepared from C57Bl/6 mice at 

embryonic day 18. To remove the mouse embryos, the mother was sacrificed by cervical 

dislocation. The embryos were immediately extracted from the uterus, decapitated and the 

dissected brain was kept in ice cold GBSS supplemented with glucose. The hippocampi were 

separated from the rest of the brain and digested in 1 ml Trypsin/ EDTA solution for 25 min at 

37°C. To stop the digestion the tissue was washed with serum medium for 6 times. 

Afterwards the hippocampi were mechanically dissociated with a fire polished Pasteur 

pipette. The triturated tissue was centrifuged at 1500 rpm for 5 min and re-suspended in 1 ml 

culture medium. After counting the neurons in a Neubauer chamber, neurons were plated on 

poly-L-lysine coated glass coverslips. Depending on the following experimental use the 

neurons were plated either at a high density of 70,000 or at a lower density of 35,000 

neurons per coverslip. For successful cell-attachment on the glass coverslip, neurons were 

plated in a drop of 150 µl of culture medium. After 3 h, 350 µl of pre-warmed culture medium 

were added. The neurons were cultivated at 37°C, 5 % CO2 and 99 % humidity. Furthermore 

20 % of the culture medium was weekly exchanged until the cultures were used at day 21-

25. 

2.8 Preparation of hippocampal organotypic slice cultures 

For whole cell patch clamp recordings, organotypic hippocampal slice cultures (OHCs) were 

used as an in vitro model. The OHCs were prepared from postnatal day 5 (P5) C57Bl/6 

wildtype (WT) mice as previously described (Stoppini et al., 1991; Michaelsen-Preusse et al., 

2014). The mice were decapitated and the skin and skull removed. With a sharpened spatula 

the brain was horizontally separated along a line parallel to the skull base starting between 

Superior Colliculus and the Cerebellum and transferred into ice-cold preparation solution. 

After detaching the upper part of the Superior Colliculus and the covering meninges the 

hippocampi were removed and cut with a McIllwain tissue chopper in 400 µm transversal 
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slices. The hippocampal slices were incubated 15-20 min in GBSS at 4°C and afterwards 

transferred onto a membrane insert (Millicell®, pore size 0.4 µm). For cultivation the Müller 

culture medium was used in a 37°C, 5 % CO2, 99 % humidity environment. After 72 h, 

antimitotic drugs were added to the medium for 24 h to reduce the number of non-neuronal 

cells. Once a week 50 % of the medium was exchanged. 

 

2.9 Transfection of primary hippocampal neurons 

Primary hippocampal neurons were transfected using Lipofectamine® 2000 (ThermoFisher 

Scientific) according to the manufacturer`s protocol. Therefore, 300 μl Neurobasal (NB-) 

medium, without supplements, per well were warmed up to 37°C, in the incubator at 5 % CO2 

and 99 % humidity. For each well 50 µl NB- medium and 0.8 µg of the recombinant DNA (see 

chapter 2.4) as well as 50 µl NB- medium and 2 µl Lipofectamine® 2000 were prepared and 

incubated separately at room temperature for 5 min. After the two solutions were mixed they 

were again incubated for 20 min at room temperature. The cell culture medium in the wells 

was replaced by the 300 µl pre-warmed NB- medium and kept for reuse in the incubator. 

Subsequently, 100 µl of the plasmid-Lipofectamine® 2000 transfection mix was added 

dropwise to each well. After 50 min incubation at 37°C, 5 % CO2 and 99 % humidity, the 

transfection medium was replaced by the original conditioned NB+ medium.  

 

2.10 Live-cell labeling and immunocytochemistry of surface receptors 

For live-cell labeling of surface neurotransmitter receptors primary hippocampal neurons DIV 

21-25 were used at a low cell density of 35,000 neurons per coverslip to easily image single 

dendrites. The primary antibodies for surface receptor labeling were diluted in NB- medium 

containing 1 % BSA. Additionally, different loss- or gain-of-function approaches were induced 

by using specific blocking antibodies or peptides, which interfere with or activate the Nogo-A 

signaling cascade. The loss-of-function for Nogo-A signaling was achieved by application of 

either a functional-blocking Nogo-A antibody (11C7; 5 µg/ ml), a function-blocking antibody 

against the Nogo receptor (NgR1; 5 µg/ ml) or an antagonist of the sphingosine-1-phosphate 

receptor 2 (S1PR2) (JTE-013; 5 µM). Further, for gain-of-function experiments of the Nogo-

A-∆20 domain the ∆20-Peptide (300 nM) was used, as well as the P4 soluble peptide (4 µM) 

to trigger the Nogo-66 domain. As controls the respective control antibody (anti-BrdU; 

5µg/ ml), boiled ∆20 and P4 peptides or dissolving reagent DMSO was used as indicated in 

the result description. All treatments modulating the Nogo-A signaling were always applied 
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for 10 min at 37°C. In this study, primary antibodies for surface receptor labeling of GABAA 

and AMPA receptors were used. The anti-GABAA receptor antibodies anti-GABAAR ɣ2 and 

anti-GABAAR α2 were pre-incubated for 20 min before the Nogo-A gain or loss-of-function 

treatments were performed. In case of the AMPA receptors, the anti-AMPAR 1 GluA1 and 

anti-AMPAR 2 GluA2 were present in the treatment medium during the 10 min of the Nogo-A 

gain or loss-of-function treatments. In Calcineurin (CaN) activity experiment, 1 µM 

cyclosporine A (CysA), in EGTA experiments 2 mM and BAPTA-AM experiments 10 µM 

were additionally added to the treatment medium (See Figure 5).  

A 

 

 

Figure 5 : Time course of live-cell labeling experiment 

A GABAAR and AMPAR live-cell labeling (green) and Nogo-A loss-of-function (red). The reagents for 

Calcineurin (CysA; grey) and Calcium experiments (EGTA/ BAPTA-AM; grey) were added according 

to their blocking kinetics.  

 

After the live-cell labeling and the different treatments were performed the coverslips were 

rinsed with pre-warmed NB- before fixation with 4% paraformaldehyde (PFA) in PB for 10-

15 min at room temperature. For a post hoc immunofluorescence, the neurons were 

permeabilized with 0.3 % Triton X-100 in PBS for 5 min and subsequently blocked with 

2 % BSA in PBS for 30 min. Afterwards, the fixed neurons were incubated with anti-Synapsin 

1/ 2, anti-GABAAR ɣ2 pSER327, anti-Gephyrin or Myc-Tag diluted in PBS containing 2% 

BSA for 1 h. Following, the coverslips were rinsed with PBS for 30 min and incubated with 

the respective secondary antibodies in PBS for additional 40 min. Finally, a quenching 

solution was added for 10 min and the coverslips were mounted with Fluoro-Gel onto glass 

slides for imaging.  

The wide field fluorescence imaging was performed by using an upright Axio Imager M2 

microscope (Zeiss) equipped with an oil-immersion objective (63x NA 1.4) and a CCD 

camera. For the following analysis, primary dendrites of fluorescently labeled and isolated 

neurons were randomly chosen, based on the presynaptic marker Synapsin 1/2. For all live-

cell labeled receptor experiments the same light intensity and same sub-saturation exposure 
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time was used to acquire the images of all neurons from each culture preparation. Both the 

imaging and analysis were performed blind to the treatment. For the analysis, first the 

background fluorescence of the 2D images was determined in ImageJ (National Institutes of 

Health) by placing 10-15 ROIs on the dendrite of interest at positions where no specific 

staining was visible. The mean gray value of all placed ROIs per dendrite was averaged, 

defined as background fluorescence. To classify the fluorescence labeled protein clusters, 

the calculated background was used to set a threshold in the further analysis for each 

specific dendrite. The threshold was set individually for the fluorescently labeled synaptic 

proteins, either two-fold subtraction of the background for anti-Synapsin 1/ 2 or GABAA 

receptors or triple subtraction of the background for the AMPA receptors. Measuring the 

puncta density, area and fluorescence intensity of synaptic proteins, was done using 

SynPAnal (Danielson et al., 2014) as analyzing tool. For the analysis of colocalization 

between Synapsin 1/2 and GABARs or AMPARs, an artificial colocalization channel was 

created. For this purpose, the individually determined thresholds per dendrite for each color 

channel were set separately in ImageJ and the images were subsequently color merged. The 

obtained overlaying puncta were in turn analyzed for density and area in SynPAnal.  

 

2.11 Immunocytochemistry for markers of neuronal activation (c-Fos, 

pERK and pCREB) 

In this study, different markers for neuronal activation were analyzed in 21-25 DIV old 

hippocampal primary neurons with a cell density of 70,000 neurons per coverslip. The 

neurons were treated with a loss-of-function approach for Nogo-A for 10 min. To reduce 

naturally occurring induction of neuronal activation by treatment medium change, the 

treatment was performed in the NB+ medium. With exception of c-Fos staining, the neurons 

were fixed with 4% PFA in PB for 10-15 min at room temperature immediately after the 

treatment. Because of the expression characteristics of c-Fos, the neurons were left in NB+ 

medium after the Nogo-A treatment for additional 80 min. The fixed neurons were incubated 

in a permeabilizing and blocking solution containing 0.2 %Triton-X 100 and 1.5 % goat or 

donkey serum in PBS for 1h. The primary antibodies anti-pERK, anti-pCREB and anti-c-Fos 

were diluted together with anti-MAP2 in the blocking solution and added to the neurons and 

kept on a shaker over night at 4°C. After adjusting to room temperature and 30 min of 

washing steps with PBS, the secondary antibodies were applied. The anti-mouse Cy2 and 

anti-rabbit Cy3 were diluted in PBS and added to the neurons for 2 h at RT on a shaker. 

Finally the coverslips were mounted with Fluoro-Gel onto glass slides for imaging.  
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The wide field fluorescence imaging was performed by using an upright Axio Imager M2 

microscope (Zeiss) equipped with a 10x objective (NA 0.3) and a CCD camera. Based on the 

MAP2 fluorescent neurons, randomly chosen fields of a comparable number of neurons were 

imaged keeping the light intensity and exposure time constant for all conditions of each 

experimental repetition. The analysis was performed in ImageJ blind to the treatment.  

To determine positive neurons for the particular activation markers, a threshold was set 

based on the lowest fluorescent intensity measured from 10 neurons. The positive neurons 

for pERK, pCREB and c-Fos were counted and given as the percentage of all MAP2 labeled 

neurons within the field of view.  

 

2.12 Calcium Imaging 

Calcium (Ca2+) signals within neurons can be measured by using genetically encoded 

calcium indicators (GCaMP) known to show alterations in fluorescence intensity upon binding 

of Ca2+. The GCaMP (see chapter 2.12.1 and 2.12.2) has to be transfected and the 

expressing neurons can be excited at 488 nm and monitored via the FITC channel. Ca2+ 

Imaging experiments were performed in dissociated primary hippocampal neurons at day 21-

25 DIV. Live-cell imaging was performed using a fluorescence Microscope (Olympus 

BX61WI) with a 40x objective (LUMPLFLN W, NA 0.7), equipped with a CCD camera 

(VisiCam QE, Visitron Systems). Time lapse recordings were acquired using XCellence pro 

imaging software with a binning of 4x4 (336x256). The transfected neuronal cultures were 

transferred to a recording chamber filled with room temperature HBSS and were let to adjust 

for 20 min. A continuous flow of the HBSS solution was achieved using a peristaltic pump 

and kept at a constant speed of 0.8 ml/ min. For the experiments transfected neurons were 

chosen randomly and treated with either a Nogo-A blocking antibody (11C7) or a control 

antibody (anti-BrdU) both at a final concentration of 5 µg/ ml. The imaging parameters have 

been adapted to the experiment and are described in detail in the respective section. For 

analysis, the regions of interest were determined in ImageJ and analyzed with a MatLab 

based self-established protocol. Alterations in fluorescence intensity were detected by 

calculating the background (B) corrected relative fluorescence (F) using the following 

formula: ΔF/ F0 = [(F-B)-(F0-B0)] / (F0-B0), when F0 and B0 present the mean grey values at 

resting condition. Finally, via the MatLab program the fluorescence maxima were identified 

and the amplitude and frequency of all calcium transients detected during the imaging time 

were averaged.  
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2.12.1 Calcium imaging within single dendritic spines  

Intracellular Ca2+ signaling was monitored by using the GCaMP5G plasmid. The primary 

hippocampal neurons were transfected 24 h before Ca2+ imaging experiments were 

performed. To measure alterations in fluorescence intensity a light intensity of 23 % and 

exposure time of 83 sec were set and kept throughout the whole experiment. Time lapse 

recording of 500 images was performed with a cycle time of 0.2 s (5 Hz). Before treating the 

neurons with the Nogo-A blocking or control antibody, the transfected neurons were imaged 

2 times, for recording the resting condition. 10 min after starting the treatment the neurons 

were recorded once again as previously described (Fricke et al., 2019). In some 

experiments, 10 min after starting the antibody treatment a specific blocker for AMPA 

receptors (NBQX) was additionally washed in for 10 min. Upon this treatment randomly 

chosen spines were selected for analysis and analyzed for the whole duration of the 

treatment, regardless of whether they were active at each time point. To evaluate changes in 

Ca2+, the amplitude and frequency of the fluorescence maxima were averaged for each spine 

of one cell. The data are presented for each spine normalized to the average of its activity at 

the two time points before treatment. 

 

2.12.2 Imaging ER calcium signals using ER-GCaMP 

The neuronal cultures were transfected at DIV 18, with the endoplasmatic reticulum (ER)-

targeted low affinity GCaMP variant ER-GCaMP6-150. This new generation of ultrasensitive 

ER Ca2+ indicator allows robust measures of calcium dynamics within the ER with high 

responsiveness upon Ca2+ binding, as previously described (Juan-Sanz et al., 2017). One 

randomly chosen, transfected neuron per coverslip was imaged in a 2 part experiment. 

Within the first part, 6000 images with a cycle time of 0.2 sec (5 Hz) were recorded. A light 

intensity of 23 % and exposure time of 80 ms were used to monitor the fluorescence intensity 

changes and avoid bleaching. After an initial imaging time of 5 min the cell culture was 

treated with either Nogo-A blocking (11C7) or control antibody (anti-BrdU) at a final 

concentration of 5 µg/ ml. Time lapse recordings were performed for another 15 min 

Therefore 2700 images with a cycle time of 1 sec (1 Hz) were recorded. The light intensity 

and exposure time was kept as before. Within this time course of 45 min imaging the Nogo-A 

blocking or control antibody were still present in the circling HBSS. Additionally, after 5 min of 

recording, Cyclopiazoic acid (CPA) was washed in the recording chamber to block the re-

uptake of Ca2+ into intracellular Ca2+ stores. CPA was present for a total time of 5 min and 

subsequently washed out. For the remaining imaging time only HBSS and either Nogo-A 

blocking or control antibody were present.  
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A 

 

Figure 6 : Time course of Ca
2+

 Imaging experiment 

A ER-GCaMP6-150 transfected neuron was randomly chosen and imaged via time laps recordings for 

a total time of first 20 min at 5 Hz and second 45 min at 1 Hz after an acclimating time of 20 min. After 

the initial imaging time of 5 min the antibodies for treatment were washed in and were present for the 

entire recording time. After the recording parameters were changed to 1 Hz CPA was washed in at 

additional 5 min and washed out after another 5 min.  

 

For analysis, the ROIs were placed on the cell body to monitor the global ER network. To 

compensate bleaching effects the recorded Ca2+ traces were filtered by the MatLab self-

made program. Afterwards the positive and negative amplitude and frequency of 

fluorescence signals was measured per cell and time point. For the CPA experiments the 

raw data was plotted.  

 

2.13 Electrophysiology – whole cell patch clamp recordings 

Whole-cell patch clamp recordings were performed in CA3 pyramidal neurons of 21-25 DIV 

organotypic hippocampal slice cultures. The slice cultures were incubated in a recording 

chamber filled with oxygenated ACSF with a constant temperature of 32°C. The ACSF was 

circling in a closed loop system with a speed of 1 ml/ min. For recording miniature 

postsynaptic currents (mPSCs), tetrodotoxin (TTX) was added to avoid action potentials. 

Before starting the recordings, the slices were let in the recording chamber for 20 min to 

adapt. The neurons were visually chosen and patched under a Zeiss (Axioskop 2 FS Plus) 

microscope using a water-immersion objective (40x 0.8 NA). For whole-cell patching glass 

pipette electrodes were pulled with a PC-10 vertical micropipette puller (Narishige) from 

borosilicate capillaries (1.5 mm). The neurons were voltage-clamped and recorded once 

before the Nogo-A antibody and peptide treatment and then continuously recorded every 

5 min for 120 sec during the treatment. Signals were amplified using a Multiclamp 700B 

amplifier (Molecular Devices) and digitized with a Digidata 1550B digitizer (Molecular 

Devices). The data analysis was performed with Mini Analysis software (Justin Lee).  
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2.13.1 mEPSC recordings with acute neutralization of Nogo-A receptors 

The whole-cell patch clamp recordings of mEPSCs were performed as previously described 

(Fricke et al., 2019). The mEPSCs were isolated by adding TTX and bicuculline. The patch 

pipette (resistance: 4.0-6.5 MΩ) contained a conventional internal solution established for 

recording mEPSCs (Vlachos et al. 2012). Neurons were voltage-clamped at -70 mV and the 

Input resistance (Rin) and series resistance (Rs) were monitored. Neurons were only included 

in the analysis if the Rin > 100 MΩ and Rs < 25 MΩ remained stable throughout the 

recordings (< 20 % change in Rin and Rs). The neurons were recorded for a total time of 

30 min, where the initial time point corresponds to the untreated state. Afterwards either a 

function-blocking antibody against the Nogo receptor (NgR1; 5µg/ ml) or an antagonist of the 

sphingosine-1-phosphate receptor 2 (S1PR2) (JTE-013; 5 µM), were washed in. Finally the 

frequency and amplitude of the recorded mEPSCs were analyzed and the average per cell 

and time point was calculated. The data were normalized to the untreated initial time point of 

each cell and the percent change per time was plotted.  

 

2.13.2 mPSC recordings with acute neutralization of Nogo-A  

To measure inhibitory and excitatory mPSCs simultaneously, a specific mPSC internal 

solution was used (Dejanovic et al., 2014). Patch pipettes, made from borosilicate glass, had 

a resistance of 2–6 MΩ when filled with the intracellular solution. The neurons were voltage-

clamped at a potential of -50 mV and kept stable at Rin >100 MΩ and Rs <25 MΩ. 

Experiments showing more than 25% change in Rs throughout the recording were discarded. 

After the first recording of the untreated neurons, the functional blocking Nogo-A antibody 

(11C7; 5 µg/ ml) or respective control antibody (anti-BrdU; 5 µg/ ml) was washed-in and the 

neurons were again recorded after 5 and 10 min. The monitored amplitudes were analyzed 

and separated according to their fast (AMPAR) and slow (GABAR) decay time. To define the 

decay time for mEPSCs and mIPSCs an additional experiment was performed, in which 

pharmacologically blocking of mEPSCs (CNQX and AP5) and mIPSCs (bicuculline) was 

performed. Thereby mPSCs with a decay < 25 ms were classified as mEPSCs and those 

with decay > 25 ms as mIPSCs (see Figure 3).  
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Figure 7 : mEPSCs and mIPSCs classified by their characteristic decay time 

A mPSCs simultaneously present in whole-cell patch clamp recordings. Due to their specific kinetics, 

mEPSCs and mIPSCs can be distinguished by their different decay time. B mEPSC; after blocking 

mIPSCs by bicuculline the monitored decay time was < 25 ms. All peaks with a occurring decay time 

of < 25 ms were classified as mEPSCs. C mIPSC; after blocking mIPSCs by CNQX and AP5 the 

monitored decay time was > 25 ms. All peaks with a occurring decay time of > 25 ms were classified 

as mIPSCs. 

 

2.14 Data presentation and statistical analysis 

Immunocytochemistry: For data presentation the values were normalized per culture 

preparation and shown as mean ± SEM. For the comparison of two different groups an 

unpaired Student´s T-test was performed in GraphPad Prism. An α level of p < 0.05 was 

chosen to reject the null hypothesis.  

Ca2+-Imaging and Electrophysiology: Recorded values were normalized to the first 

measurement before wash-in of the antibodies and peptides. To compare two different 

groups upon time a repeated-measures ANOVA was performed in SPSS for statistical 

analysis. To test whether the assumption of sphericity is violated within the treatments, the 

Mauchly’s test was applied, followed by a Greenhouse-Geisser correction if sphericity has 

been violated.  Further a post hoc test was used to test for significances. A paired Student´s 

t-test was performed to compare the different treatments at a specific time, while an unpaired 

Student´s T-test was performed to test for significances over time within one treatment 

(Microsoft Excel).  



Results 

29 

 

3 Results 

Nogo-A signaling is known to restrict synaptic plasticity in the adult central nervous system 

(CNS) by modulating dendritic spine architecture as well as excitatory and inhibitory synaptic 

transmission (Fricke et al., 2019; Kellner et al., 2016; Zagrebelsky et al., 2010). Recently, a 

regulatory role of Nogo-A was described in modulating the synaptic localization of glutamate 

receptors (Peng et al., 2011). Upon either Nogo-A or NgR1 loss-of-function the amount of 

postsynaptic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) 

was increased (Jitsuki et al., 2016; Kellner et al., 2016), thereby regulating the strength of 

glutamatergic synaptic transmission. Furthermore, Nogo-A signaling influences inhibitory 

signaling via γ-aminobutyric acid type A receptors (GABAARs). Nogo-A signaling, via S1PR2, 

promotes inhibitory GABAergic transmission by modulating the diffusion dynamics of 

postsynaptic GABAARs and their synaptic localization (Fricke et al., 2019). The reciprocal 

modulation of excitatory and inhibitory synaptic transmission is most likely critical for the 

activity of Nogo-A in regulating synaptic plasticity. 

This study builds on the results above and further addressed the role of Nogo-A in 

modulating excitatory and inhibitory synaptic transmission at a fast time scale, by controlling 

the dynamics of the relative neurotransmitter receptors.  

3.1 Nogo-A regulates excitation and inhibition in a bidirectional manner 

Loss-of-function for Nogo-A has been shown to promote AMPAR insertion within the 

postsynaptic membrane (Kellner et al., 2016; Fricke et al., 2019) thereby resulting in an 

increase in miniature excitatory postsynaptic currents (mEPSCs; Kellner et al., 2016; Fricke 

et al., 2019). Moreover, neutralizing Nogo-A by a function-blocking antibody results in a 

significant decrease in GABAergic-mediated miniature inhibitory postsynaptic currents 

(mIPSCs; Fricke et al., 2019). As these observations were obtained in separate experiments, 

the first goal of this work was to assess whether Nogo-A affects inhibitory and excitatory 

synaptic transmission at a single cell level. To this aim, miniature postsynaptic currents 

(mPSCs) of CA3 hippocampal neurons were recorded using whole-cell patch clamp in 21-

24 DIV mouse organotypic slice cultures to simultaneously monitor mEPSCs and mIPSCs. 

Due to their different decay kinetics fast glutamatergic mEPSCs and slow GABAergic 

mIPSCs were identified and their frequency and amplitude were compared before and after 

application of either control or Nogo-A function-blocking antibody (Figure 8A). The amplitude 

of mEPSCs for control antibody treated neurons remained stable and unchanged over time 

(Figure 8B; Table 1). In comparison, the amplitude of mEPSCs increased significantly up to 

~10% already after 5 min of Nogo-A antibody treatment. After 10 min of neutralizing Nogo-A 
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the amplitude of recorded mEPSCs was still increased by ~6%, however not significantly 

(Figure 8B; ANOVA treatment, 5 min: p < 0.05, F1,28 = 4.366; Table 1). In addition, also the 

amplitude of mIPSCs was altered upon Nogo-A loss-of-function. While under control 

conditions, the amplitude of mIPSCs remained constant, it was significantly reduced by ~8 % 

both after 5 and 10 min upon blocking Nogo-A signaling (Figure 8C; ANOVA treatment, 

5 min: p < 0.01, 10 min: p < 0.001, F1,28 = 18.040; Table 1). 

 

A B C 

 
 

Figure 8: Nogo-A regulates excitatory and inhibitory synaptic transmission in CA3 

hippocampal neurons in a bidirectional manner 

(A) Example of mPSCs recorded by whole-cell patch clamp before and after a 10 min application of 

either control (black) or Nogo-A function-blocking antibody (red). Each trace shows representative 

mEPSCs (blue) and mIPSCs (orange) distinguished by their decay time according to fast 

(mEPSCs < 25 ms) and slow (mIPSC > 25 ms) decay kinetics. Scale bars are 20 pA vertical and 

200 ms horizontal. (B, C) Show the percent change in the amplitude of mEPSC (B, ANOVA for 

treatment, p < 0.05, F1,28 = 4.366) and mIPSC (C, ANOVA for treatment, p < 0.001, F1,28 = 18.040) 

upon control (black, n = 14) or Nogo-A function-blocking antibody (red, n = 15). All data are presented 

as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 

 

To address whether the ability of Nogo-A to modulate excitatory and inhibitory synaptic 

transmission results in a shift in the excitation and inhibition balance at a single cell level, the 

ratio between mIPSCs and mEPSCs amplitude (normalized to the first time point before 

either control or Nogo-A function-blocking antibody application) recorded for a single neuron 

was calculated. No alterations, relative to the first time point could be observed in the 

mIPSC/ mEPSC ratio upon application of control antibody (Figure 9; Table 2). However 

acute neutralization of Nogo-A, led to a significant shift by ~13% towards a higher excitation 

already after 5 min of treatment and remained significantly higher after 10 min of treatment 

(Figure 9; ANOVA treatment, 5 min: p < 0.01, 10 min: p < 0.05, F1,28 = 5.337; Table 2).  
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Figure 9: Nogo-A Ab alters excitation/ 

inhibition balance 

(A) Normalized data for mIPSC and mEPSC 

ratio before and after control antibody (grey, 

n = 14) or Nogo-A function-blocking antibody 

(red, n = 14) treatment. ANOVA treatment, 

p < 0.05, F1,28 = 5.337. All data are presented 

as mean ± SEM. *p < 0.05, **p < 0.01 

 

A decrease in the mIPSCs/ mEPSCs ration could be due to an increase in excitation, a 

decrease in inhibition or a reciprocal change in the two. To confirm the observation that 

Nogo-A reciprocally modulates excitation and inhibition, the changes in amplitude of mPSCs 

for each neuron were plotted individually (Figure 10). The percentage change in mIPSCs and 

mEPSCs amplitudes for each single neuron before and after control antibody application 

showed a uniformly change in the majority of neurons. The amplitude of mEPSCs remained 

stable within the recorded cells after application of the control antibody, while the recorded 

mIPSCs showed a slight shift towards less inhibition (Figure 10A; Table 3). On the contrary, 

compared to the control condition an acute Nogo-A neutralization resulted in a reduction of 

mIPSC amplitude and an increase in mEPSC amplitude. After 5 min of Nogo-A loss-of-

function ~36% of the monitored neurons showed a decrease in mIPSC amplitude, while 

~28% of the neurons displayed an increase in their mEPSC amplitude. After 10 min 

application of Nogo-A function-blocking antibody, a reduction of ~43% in mIPSC amplitude 

was recorded and ~57% of the neurons showed a rise in mEPSC amplitude. Notably the 

recorded alteration in amplitude of mIPSCs and mEPSCs occurred at different neurons 

(Figure 10B; Table 3). 

In summary, these findings confirm the previous observations of Nogo-A modulating the 

excitation and inhibition balance and supplementary show that this effect occurs at a single 

cell level.  
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Figure 10: Nogo-A signaling modulates mIPSCs and mEPSCs on a single cell level 
(A,B) Normalized data for whole-cell patch clamp recorded amplitude of mIPSCs and mEPSCs 

percentage change before and after Nogo-A loss-of function (B, red) or control condition (A, grey). 

mEPSC amplitude displyed on the x-axis is fragmented, due to different time points (before, 5 min and 

10 min upon antibody treatment. Each dot presents a single whole-cell patched neuron connected 

between the recorded time point. Scattered lines indicate 0 % each for mIPSCs and mEPSCs recorded 

amplitude.  

 

These results support the previous findings that Nogo-A signaling restricts mEPSCs and 

promotes mIPSCs. Additionally, by recording mEPSCs and mIPSCs simultaneously within 

the same neuron these data show that this effect of Nogo-A loss-of-function changes the 

mIPSCs/mEPSCs ratio towards more excitation.  

 

3.2 Nogo-A signaling regulates excitatory synaptic transmission within 

minutes 

3.2.1 Nogo-A regulates excitatory synaptic transmission signaling via S1PR2 

Nogo-A signaling through NgR1 and S1PR2 has been shown to modulate activity-dependent 

synaptic plasticity and regulate synaptic function (Delekate et al., 2011; Kempf et al., 2014; 

Schwab, 2010). Upon acute neutralization of Nogo-A by a function-blocking antibody against 

the Nogo-∆20 domain, the amplitude of mEPSCs increased significantly (Fricke et al., 2019). 

To investigate the signaling downstream of Nogo-A involved in regulating excitatory synaptic 

transmission, loss-of-function for each of the two receptors S1PR2 and NgR1 were 

performed during whole-cell patch clamp recordings of mEPSCs of CA3 neurons in 21 –

 24 DIV organotypic mouse hippocampal slice cultures before and after treatment with the 

S1PR2 inhibitor, JTE-013 or NgR1 neutralizing antibodies (Figure 11). JTE-013 application 

led already after 5 min to a significant increase in amplitude of mEPSCs by ~15% relative to 

the DMSO control condition. This rapid increase remained significantly elevated at ~10% 
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amplitude change for 10 min and was followed by a decrease in amplitude of mEPSCs at 

15 min which was back to baseline level at 20 min (Figure 11A and 11B; ANOVA treatment, 

5 min and 10 min: p < 0.05, F1,27 = 7.037; Table 4). The frequency of mEPSCs showsed a 

decrease of ~10% after 5 min JTE-013 or DMSO application. However, this decrease 

remained stable up to 20 min and there was no difference between the conditions measured 

(Figure 11A and 4C; Table 4).  

Further, mEPSCs were recorded upon NgR1 loss-of-function, before and after application of 

NgR1 neutralizing antibody. After 5 min treatment with either NgR1 blocking antibody or 

control antibody, the mEPSC amplitude decreased by ~ 5 % and remained stable, without 

differences between both conditions (Figure 11D and 11E; Table 4). The frequency of 

mEPSCs was not affected both by the NgR1 loss-of-function or control treatment (Figure 

11D and 11F; Table 4).  

 

A B C 
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Figure 11: Nogo-A regulates excitatory synaptic transmission via S1PR2 

(A,D) Excample of whole-cell patch clamp recorded mEPSC before and after 10 min of either S1PR2 

loss-of-function (A,green) or NgR1 loss-of-function (D,blue) and the respective controls (black). Scale 

bars are 20 pA vertical and 200 ms horizontal.  (B,E) Normalized mEPSC amlitude percent change 

over time. S1PR2 loss-of-function experiment with JTE-013 (B, green) and DMSO control (black) 

treatment; ANOVA treatment, p < 0.05, F1,27 = 7.037, n = 14. NgR1 loss-of-function experiment with 

NgR1 antibody (E, blue) and control antibody (black), n = 16. (C,F) Normalized mEPSC frequency 

percent change over time. S1PR2 loss-of-function (C, green), NgR1 loss-of-function (F, blue) and the 

respective controls (black). All data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 
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These results support a Nogo-A-specific role in regulating the amplitude of mEPSCs at a fast 

time scale in hippocampal pyramidal neurons. Indeed, not only the acute antibody-mediated 

neutralization of the Nogo-A-specific domain Nogo-∆20 increases the amplitude of mEPSC, 

but also the loss-of-function for its specific S1PR2. On the contrary, Nogo-A signaling 

through the NgR1 did not affect excitatory synaptic transmission at the time scale observed 

in these experiments.  

 

3.2.2 Nogo-A regulates surface AMPAR insertion  

Excitatory synaptic transmission is based on the functional recruitment of AMPARs at the 

surface of synaptic sites (Park, 2018). Upon acute Nogo-A loss-of-function, AMPAR 

localization at synapses and their insertion into the postsynaptic membrane of primary 

hippocampal neurons has been increased. Experiments with super-ecliptic pHluorin fused to 

the N-terminus of GluA1 (SEP-GluA1) showed a significant increase in fluorescence intensity 

after 30 min Nogo-A function-blocking antibody treatment (Kellner et al., 2016). Furthermore, 

in synaptosomal fractions isolated from acute hippocampal slices GluA1 protein levels 

showed a significant increase 10 min after Nogo-A loss-of-function (Fricke et al., 2019). In 

the current study, the role of Nogo-A in regulating the insertion of GluA1 at the postsynaptic 

membrane was analyzed by live-cell labeling of the GluA1 extracellular domain in primary 

hippocampal cultures (Figure 12A). After 10 min Nogo-A loss-of-function, the density of 

GluA1 immuno-positive clusters increased significantly by ~14% (Figure 12B; p < 0.05; Table 

5). Additionally, the area of GluA1 increased of ~10% when compared to the control 

condition (Figure 12D; p < 0.05; Table 5). Moreover, the fluorescence intensity of GluA1 

immuno-positive puncta shows a ~10% increase, albeit not statistically significant (Figure 

12C; Table 5). The presynaptic marker Synapsin 1/2 (Syn1/2) was as well immuno-labeled 

as a supplementary control for neuronal health and to control the synaptic localization of 

GluA1 clusters. Upon Nogo-A loss-of-function, no difference could be observed in Synapsin 

1/2-positive puncta density, fluorescence intensity and area (Figure 12G – 12I; Table 5). To 

investigate the insertion of GluA1 specifically at active synaptic sites after 10 min Nogo-A 

antibody treatment, the colocalization of GluA1 cluster with Synapsin 1/2-positive puncta was 

analyzed. The colocalization density was significantly increased by ~11% (Figure 12E; 

p < 0.05; Table 5), whereas the colocalized area was not altered compared to the control 

antibody treatment (Figure 12F; Table 5). These results strengthen the previous observations 

that Nogo-A regulates insertion of GluA1 at the postsynaptic membrane and additionally 

show this effect after already 10 min. 
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Figure 12: Nogo-A restricts surface AMPAR containing GluA1 subunit at synapses 

(A) Live-cell labeling of surface GluA1 receptors (magenta) and immunofluorescence for Synapsin 1/2 

(Syn 1/2, green) and their merged images (bottom) at dendrites of primary hippocampal neurons. 

Treatment with Nogo-A function-blocking antibody (red, right) or control antibody (black, left) for 10min. 

For illustration, all images underwent deconvolution and were equally increased in brightness and 

contrast by the same absolute values for visibility. Scale bar 2 µm. (B-D) Normalized data for density 

(B), fluorescence intensity (C) and puncta area (D) of GluA1 immuno-positive puncta in hippocampal 

neurons treated with either Nogo-A function-blocking antibody (red, n = 39) or control antibody (grey, 

n = 40) for 10 min. (E,F) Normalized values for the density (E) and area (F) of GluA1 clusters 

colocalized with Syn 1/2 immuno-positive puncta. (G-I) Normalized data for density (G) fluorescence 

intensity (H) and area (I) of Syn 1/2 immuno-positive puncta in hippocampal neurons treated with 

either Nogo-A function-blocking antibody (brown) or control antibody (beige) for 10 min. Data are 

presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. 

 

How AMPARs affect the regulation of synaptic transmission is dependent on their subunit 

composition. Predominantly the GluA1 and GluA2 subunits are expressed in hippocampal 

neurons and are crucial for synaptic function (Huganir & Nicoll, 2013). AMPARs lacking 

GluA2 are Ca2+-permeable and critical for excitatory synaptic transmission (Hayashi et al., 

2000; Isaac et al., 2007). To test whether Nogo-A regulates not only GluA1 insertion, but also 

GluA2 surface localization, the GluA2 subunit was live-cell labeled in hippocampal primary 

neurons. The neuronal cell culture was treated for 10 min with a Nogo-A function-blocking 

antibody and as before co-labeled with Synapsin 1/2 (Figure 13A). There was no change 

between Nogo-A and control antibody treatment in the density, intensity or area (Figure 13B -

 13D; Table 6) of GluA2 immuno-positive clusters detectable. Moreover, the 
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immunofluorescence against Synapsin 1/2 shows no differences between both conditions 

(Figure 13E – 13G; Table 6).  

The observation that Nogo-A specifically regulates the synaptic insertion of GluA1 and not of 

GluA2 indicates a specific increase in Ca2+-permeable AMPARs upon Nogo-A neutralization, 

possibly suggesting that Nogo-A may influence Ca2+ dynamics in primary hippocampal 

neurons.  
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Figure 13: AMPAR containing the GluA2 subunit are independent regulated from Nogo-A 

signaling 

(A) Live-cell labeling of surface GluA2 receptors (magenta) and immunofluorescence for Synapsin 1/2 

(Syn 1/2, green) and their merged images (bottom) at dendrites of primary hippocampal neurons upon 

treatment with Nogo-A function-blocking antibody (red, right) or control antibody (black, left) for 10min. 

For illustration, all images underwent deconvolution and were equally increased in brightness and 

contrast by the same absolute values for visibility. Scale bar 2 µm. (B-D) Normalized data for density 

(B) fluorescence intensity (C) and area (D) of GluA2 immuno-positive puncta in hippocampal neurons 

treated with either Nogo-A function-blocking (red, n = 36) or control antibody (grey, n = 36) for 10 min. 

(E-G) Normalized data for density (E) fluorescence intensity (F) and area (G) of Syn 1/2 immuno-

positive puncta in hippocampal neurons treated with either Nogo-A function-blocking (brown) or control 

antibody (beige) for 10 min. Data are presented as mean ± SEM.  

 

As recently published, Nogo-A was identified to play a role in modulating Ca2+ dynamics 

within hippocampal neurons. Upon acute treatment with a Nogo-A function-blocking antibody 

the amplitude of Ca2+ transients observed at dendritic spines was significantly increased after 

10 min of antibody treatment (Fricke et al., 2019). Next, to investigate whether the increase 

in Ca2+ dynamics observed upon Nogo-A loss-of-function is AMPAR-dependent, 

hippocampal primary neurons were pharmacologically treated with the selective and 
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competitive AMPAR antagonist NBQX for 10 min, starting 10 min after application of Nogo-A 

blocking antibodies. Ca2+ transients were recorded every 10 min in neurons which express a 

genetically encoded Ca2+ indicator (GCaMP5g) and treated with either Nogo-A function-

blocking or control antibody for 40 min (Figure 14A and 14B). Already 10 min after starting 

the Nogo-A loss-of-function, a 2-fold increase could be observed in the amplitude of Ca2+ 

transients, which although very close (p=0.051) did not reach statistical significance. Both the 

control as well as the Nogo-A antibody treated neurons showed an immediate and significant 

decrease in amplitude of Ca2+ transients after 10 min NBQX application. Both conditions 

reached the same fluorescence intensity level at ~30% of the baseline value, and the 

increase in amplitude of Ca2+ transients upon Nogo-A loss-of-function was completely 

abolished. Washing-out NBQX resulted in a slight increase in the amplitude of Ca2+ 

transients, independent of the treatment (Figure 14B and 14C; ANOVA time point, 20 min: 

Ctrl Ab = p < 0.001, Nogo-A Ab = p < 0.05, F1,6 = 7.821; Table 7). In addition, the relative 

change in the frequency of Ca2+ transients was analyzed and found to be significantly 

decreased by NBQX by ~50 – 70%, under both conditions and to remain significantly 

reduced until the end of the imaging time despite the NBQX wash-out. Upon Nogo-A loss-of-

function plus NBQX the frequency of Ca2+ transients was higher of about ~30%, compared to 

the control treatment. However, no statistically significant differences were observed 

between the two antibody conditions (Figure 14B and 14D; ANOVA time point, 20 – 40 min: 

p < 0.001, F1, 6 = 33.050; Table 7). 

These results suggest an AMPAR dependent increase in Ca2+ dynamics upon Nogo-A loss-

of-function. Together with the live-cell labeling of GluA1 and GluA2, it strengthens the theory 

of Nogo-A regulating Ca2+ permeable AMPAR insertion at synapses. 
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Figure 14: Nogo-A loss-of-function increases Ca

2+
 dynamics dependent on AMPARs 

(A) GCaMP5g transfected neuron pseudo-colored for calcium response. Zoomed in region of the cell 

(white square) shows fluorescence intensity change of dendritic spines. Heatmap for 0-100 % intensity 

change is displayed.  

(B) Calcium imaging traces before (left) and 10 min after (middle) treatment with either control 

antibody (black) or Nogo-A function-blocking antibody (red). NBQX was added for 10 min in presence 

of the antibody treatment (right). Percent change of relative fluorescence intensity over time. Scale 

bars are 100 % vertical and 20 sec horizontal. (C, D) Normalized Ca
2+

 transient amplitude (C, ANOVA 

time point, p < 0.01, F1, 6 = 7.821) and frequency (D, ANOVA time point,  p < 0.01, F1, 6 = 33.050) 

percent change upon control (grey, n = 6) and Nogo-A function-blocking antibody (red, n = 7). 

Antibody treatments were performed for a total time of 40 min. NBQX wash-in for 10 min and 

subsequently wash-out. Data are presented as mean ± SEM. *p < 0.05, ***p < 0.001. 
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3.3 Nogo-A strengthens inhibitory synaptic transmission by regulating 

GABAAR clustering 

3.3.1 Nogo-A signaling promotes GABAAR clustering at synapses 

Neuronal activity modifies inhibitory synaptic transmission in a process which is directly 

linked to the modulation of GABAAR diffusion dynamics. The inhibitory synaptic strength is 

correlated to the amount of GABAARs and synaptic GABAergic currents (Moss & Smart, 

2001; Nusser et al., 1997). Nogo-A modulates inhibitory transmission, showed by whole-cell 

patch clamp recordings (Fricke et al., 2019). In particular, upon an acute Nogo-A loss-of-

function, the amplitude of mIPSCs was significantly reduced. Moreover, quantum dot-based 

single particle tracking of GABAARs displayed an increased GABAAR mobility and surface 

exploration after application of Nogo-A blocking antibody and live-cell labeling for surface 

GABAARs resulted in a significant decrease in GABAAR cluster density and intensity. This 

effect of Nogo-A is dependent on its specific signaling via S1PR2 (Fricke et al., 2019). To 

further address these observations, GABAAR clustering was analyzed upon gain-of-function 

approaches for both Nogo-A receptors at the dendrites of 21-25 DIV old hippocampal 

primary cultures (Figure 15A). A 10 min application of the soluble Nogo-A specific, ∆20 

inhibitory peptide binding to the S1PR2 resulted in a significant increase of ~13% in the 

density of immune-positive GABAAR clusters (Figure 15B; p < 0.05; Table 8), fluorescence 

intensity of ~30% (Figure 15C; p < 0.01; Table 8) and area of ~12%  (Figure 15D; p < 0.05; 

Table 8) compared to the boiled ∆20 peptide control. The density, fluorescence intensity and 

area (Figure 15G - 15I; Table 8) of Synapsin 1/2 immune-positive puncta was not changed 

upon ∆20 peptide treatment. Furthermore 10 min treatment with the ∆20 peptide led to a 

~12% increase in the colocalization density of GABAAR and Synapsin 1/2, albeit not 

significant (Figure 15E; Table 8). While the colocalization area of GABAAR and Synapsin 1/2 

was unaffected between the both conditions (Figure 15F; Table 8).  

In summary the gain-of-function experiments for the ∆20 domain, signaling via S1PR2 

showed the opposite effect on GABAAR clustering as the Nogo-A loss-of-function, supporting 

a Nogo-A/ S1PR2-specific function in this context.  
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Figure 15: Nogo-A signaling promotes GABAAR clustering at synapses via the S1PR2  
(A) Live-cell labeling of surface GABAA receptors (magenta) and immunofluorescence for Synapsin 1/2 

(Syn 1/2, green) and the merged images (bottom) at primary dendrites of primary hippocampal 

neurons upon Nogo-A gain-of-function treatment with ∆20 peptide (red, right) or boiled ∆20 peptide, as 

control (black, left) for 10min. For illustration, all images underwent deconvolution and were equally 

increased in brightness and contrast by the same absolute values for visibility. Scale bar 2 µm. (B-D) 

clusters in neurons treated with either ∆20 peptide (red, n = 33) or boiled ∆20 peptide (grey, n = 32) for 

10 min. (E,F) Normalized cluster density (E) and area (F) of GABAAR ɣ2 immunopositive clusters 

colocalized with Syn 1/2-positve puncta. (G-I) Normalized density (G) fluorescence intensity (H) and 

area (I) of Syn 1/2 positive puncta for neurons treated with either ∆20 peptide (brown) or boiled ∆20 

peptide (beige) for 10 min. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01. 

 

Next the role of Nogo-66 domain, signaling via NgR1 on the regulation of GABAAR surface 

receptor clustering was tested. Upon 10 min NgR1 loss-of-function by function-blocking 

antibodies no alterations were observed in GABAAR clustering (Fricke et al., 2019). Here the 

effect on GABAAR clustering upon a Nogo-66 gain-of-function was performed by a 10 min 

application of Nogo P4 peptide compared to the boiled peptide (Figure 16A). Nogo-66 gain-

of-function did not affect the density, intensity and area (Figure 16B - 16D; Table 9) of 

GABAAR immune-positive clusters. In addition, the fluorescence intensity of Synapsin 1/2-

positive puncta (Figure 16G – 16I, Table 9), their colocalization density (Figure 16E; Table 9) 

and area (Figure 16F; Table 9) with GABAAR clusters was not altered upon 10 min Nogo P4 

peptide treatment.  
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The results above show that neither the NgR1 loss-of-function nor Nogo-66 gain-of-function 

induced alterations in GABAAR clustering, while modulation of the Nogo-A-specific S1PR2-

mediated signaling promoted GABAAR clustering and localization on the neurons surface. 
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Figure 16: GABAAR clustering at synapses is independent from the NgR1 

(A) Live-cell labeling of surface GABAA receptors (magenta), immunofluorescence for Synapsin 1/2 

(Syn 1/2, green) and their merged images (bottom) at primary dendrites of primary hippocampal 

neurons. Nogo66 gain-of-function with Nogo P4 peptide (blue, right) or boiled Nogo P4 peptide as 

control (black, left) for 10min. For illustration, all images underwent deconvolution and were equally 

increased in brightness and contrast by the same absolute values for visibility. Scale bar 2 µm. (B-D) 

Normalized data for density (B) fluorescence intensity (C) and area (D) of GABAAR ɣ2 immuno-labeled 

clusters treated with either Nogo P4 peptide (blue, n = 33) or boiled Nogo P4 peptide (grey, n = 32) for 

10 min. (E,F) Normalized density (E) and area (F) of GABAAR ɣ2 positive clusters colocalized with Syn 

1/2 puncta. (G-H) Normalized data for density (G) fluorescence intensity (H) and area (I) of Syn 1/2 –

positive puncta for neurons treated with either Nogo P4 peptide (brown) or boiled Nogo P4 peptide 

(beige) for 10 min. Data are presented as mean ± SEM. 

 

3.3.2 Alterations in GABAAR clustering are independent of Gephyrin and ERK 

Dynamic regulation of the amount of GABAARs at synapses is crucial for functional inhibitory 

synaptic transmission. GABAARs are clustered at the synapse and anchored postsynaptically 

by Gephyrin, which self-assembles into a scaffold interacting with the cytoskeleton and 

thereby regulating plasticity of GABAergic synapses (Choquet & Triller, 2003; Kneussel & 

Betz, 2000b). Nogo-A signaling via the S1PR2 promotes GABAAR clustering and reduces 

GABAAR diffusion dynamics (Fricke et al., 2019). Next, whether Nogo-A signaling regulates 

GABAARs by modulating Gephyrin clusters was done by performing a 10 min loss-of-function 

approach for Nogo-A in hippocampal primary cultures of 21 – 25 DIV subsequently immuno-
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labeled for Gephyrin and Synapsin 1/2 (Figure 17A). No alterations were observed in the 

density, intensity and area (Figure 17B - 17D; Table 10) of Gephyrin-positive puncta. 

Moreover, both the Synapsin 1/2-positive puncta was not affected (Figure 17F – 17H; Table 

10) and accordingly their colocalization density with Gephyrin-positive puncta (Figure 17E; 

Table 10) displayed no differences between control and Nogo-A function-blocking antibody 

treated neurons. These results indicate that the fast regulation of surface GABAAR dynamics 

through Nogo-A signaling occurs independently of changes in Gephyrin clustering.  
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Figure 17: Changes in GABAAR clustering are independent of Gephyrin 
(A) Immunofluorescence for Gephyrin (magenta), Synapsin 1/2 (Syn 1/2, green) and their merged 

images (bottom) at primary dendrites of hippocampal primary neurons upon treatment with Nogo-A 

function-blocking (red, right) or control antibody (black, left) for 10min. For illustration, all images 

underwent deconvolution and were equally increased in brightness and contrast by the same absolute 

values for visibility. Scale bar 2 µm. (B-D) Normalized values for the density (B) fluorescence intensity 

(C) and area (D) of Gephyrin-positive puncta in neurons treated with either Nogo-A function-blocking 

(red, n = 65) or control antibody (grey, n = 63) for 10 min. (E) Normalized density of Gephyrin-positive 

puncta colocalized with Syn 1/2-positive puncta. (F-H) Normalized data for the density (F) fluorescence 

intensity (G) and area (H) of Syn 1/2-positive puncta in neurons treated with either Nogo-A function-

blocking (brown) or control antibody (beige) for 10 min. Data are presented as mean ± SEM. 

 

The postsynaptic accumulation of GABAARs at synapses can be altered within a few min 

(Niwa et al., 2012). Furthermore, whole-cell patch clamp recordings of mIPSC revealed a 

reduction in mIPSC amplitude starting after 5 min Nogo-A loss-of-function approach (Fricke 

et al., 2019), indicating a reduction in the amount of surface GABAARs starting already earlier 

than 10 min. In the previous experiments live-cell labeling of postsynaptic GABAARs, was 

performed after a 10 min treatment with either control of Nogo-A function-blocking antibody. 
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To test for the possibility that the alteration in Gephyrin clustering occur at a faster time 

scale, Nogo-A function-blocking antibody was added for 5 min, 10 min and 15 min. Gephyrin 

associated immunofluorescence was measured and resulted in no significant alterations after 

10 min Nogo-A loss-of-function (Figure 18A – 18C; Table 11), reproducing the observation 

above (Figure 17). Moreover, there was neither a change in the density, intensity, or area 

(Figure 18A - 18C; Table 11) of Gephyrin-positive puncta at 5 min or 15 min of Nogo-A 

function-blocking antibody treatment compared to control antibody. The Synapsin 1/2-

positive puncta, remained unaffected in density, intensity and area (Figure 18D - 18F, Table 

11) for the whole time-course. These findings strengthen the theory that modulation of 

GABAAR clustering by Nogo-A signaling is independent of changes in Gephyrin.  
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Figure 18: Nogo-A has no effect on Gephyrin clustering at a fast time scale  

(A-C) Normalized data for Gephyrin density (A) fluorescence intensity (B) and puncta area (C) treated 

with either Nogo-A function-blocking antibody (red) or control antibody (grey) for 5 (n = 28), 10 (n = 30) 

and 15 min (n = 30). (D-F) Normalized data for Syn 1/2 density (D) fluorescence intensity (E) and 

puncta area (F) treated with either Nogo-A function-blocking antibody (brown) or control antibody 

(beige) for 5, 10 and 15 min. Data are presented as mean ± SEM. 

 

Multiple signaling cascades regulate Gephyrin postsynaptic clustering. Among these the 

extracellular signal-regulated kinase (ERK) was identified to phosphorylate Gephyrin, thereby 

regulating the ability to cluster GABAARs and the amplitude and frequency of GABAergic 

mIPSCs (Tyagarajan et al., 2013). Furthermore it has been shown, that ERK activation was 

elevated in hippocampal neurons of NgR1 mutants (Raiker et al., 2010). To examine the 

possibility that Nogo-A signaling regulates Gephyrin clustering in an ERK-dependent manner 

the primary hippocampal neurons used for analyzing Gephyrin clustering were additionally 
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co-labeled with pERK, the active ERK form (Figure 19A). After a 10 min treatment with Nogo-

A function-blocking or control antibody, pERK-positive neurons were counted relative to 

DAPI stained neurons. The average proportion of pERK-positive neurons was not altered 

upon Nogo-A loss-of-function (Figure 19B; Table 12). The lack of an effect of the Nogo-A 

blocking antibody treatment in regulating pERK, support the lack of alterations in Gephyrin 

clustering observed above. Moreover, no correlation could be observed between the levels of 

fluorescence intensity for the Gephyrin and pERK labeling. The fluorescence intensity of 

pERK correlates with its expression level and remains stable independently of the levels of 

Gephyrin fluorescence. Nogo-A loss-of-function for 10 min, showed no increase in pERK 

fluorescence intensity. Furthermore, the correlation between Gephyrin and pERK levels is 

unaffected after Nogo-A blocking antibody compared to control antibody treatment (Figure 

19C; Table 12). These results indicate a Gephyrin/ ERK independent mechanism for 

GABAAR recruitment upon Nogo-A signaling.  
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Figure 19: Nogo-A signaling has no effect on pERK and corresponding Gephyrin clustering 

(A) Immunocytochemical staining of pERK (top), Gephyrin (middle) and Synapsin 1/2 (bottom). For 

illustration, all images underwent deconvolution and were equally increased in brightness and contrast by 

the same absolute values for visibility. Scale bar 2 µm. (B) Normalized number of pERK positive neurons 

after 10 min application of Nogo-A (red, n = 14) or control antibody (grey, n = 14) treatment. Each dot 

represents a coverslip analyzed for the number of pERK positive neurons relative to DAPI stained 

neurons. (C) Correlation between pERK fluorescence intensity and Gephyrin fluorescence intensity [a.u.] 

after Nogo-A blocking (red, n = 47) or control antibody (grey, n = 48) treatment for 10 min. Each dot 

represents a neuron labeled with pERK and Gephyrin. For visualization, regression lines were calculated 

for both conditions (Ctrl Ab: y = -0.1169x + 105.5; Nogo-A Ab: y = -0.0029x + 91.658) 

 

3.3.3 GABAAR clustering at synapses is modulated by the phosphatase 

Calcineurin 

Lateral diffusion of GABAARs in response to neuronal activity can be independent of 

Gephyrin declustering (Niwa et al., 2012). The accumulation of postsynaptic GABAARs can 

be mediated by the increase in intracellular Ca2+ concentration followed by the activation of 
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the Ca2+-dependent phosphatase Calcineurin (CaN; Lu et al., 2000). Nogo-A signaling 

regulates Ca2+ dynamics and upon loss-of-function for Nogo-A promotes Ca2+ transmission 

(Fricke et al., 2019). Therefore, the ability of Nogo-A signaling to modulate GABAAR diffusion 

dynamics by regulating CaN activation was tested. Primary hippocampal neurons of 21 –

 25 DIV underwent live-staining against the ɣ2 subunit of GABAARs and the presynaptic 

marker Synapsin 1/2 (Syn 1/2) after 10 min application of Nogo-A function-blocking or control 

antibody with the CaN inhibitor Cyclosporine A (CysA) or the respective DMSO control 

(Figure 20A). As previously shown (Fricke et al., 2019), an acute loss-of-function for Nogo-A 

led to a reproducible significant reduction in the density by ~17% (Figure 20B; p > 0.01; 

Table 13), fluorescence intensity by ~25% (Figure 20C, p > 0.05, Table 13) of GABAAR ɣ2-

positive clusters and of their colocalization with Synapsin 1/2-positive puncta by ~13% 

(Figure 20E; p > 0.05; Table 13). The area of GABAAR ɣ2-positive clusters was decreased 

~10%, albeit not significantly (Figure 20D; Table 13). On the contrary, application of CysA 

resulted in no differences in the density, intensity and area of GABAAR ɣ2-positive clusters 

(Figure 20B – 20D; Table 13) between neutralizing Nogo-A or treating with control antibody. 

Likewise, the colocalization density between GABAAR ɣ2- and Synapsin 1/2-positive puncta 

was not altered upon CysA between the two antibody conditions (Figure 20E; Table 13). 

Besides, no difference in the density, intensity or area of Synapsin 1/2-positive puncta was 

seen under all experimental conditions (Figure 20F – 20H; Table 13). 

The results above show that the effect of Nogo-A signaling on synaptic GABAAR ɣ2 lateral 

diffusion dynamics depend on its ability to modulate CaN activation. 
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Figure 20: Prevention of GABAAR ɣ2 diffusion dynamics by Calcineurin inhibitor CysA   

(A) Live-cell labeling of surface GABAAR ɣ2 (magenta), immunofluorescence for Synapsin 1/2 (Syn 1/2, 

green) and their merge (bottom) at primary dendrites of primary hippocampal neurons after treatment 

with control (black) or Nogo-A function-blocking antibody (red) for 10min, control or Nogo-A loss-of-

function without (left) or with Cyclosporin A (CysA, right). For illustration, all images underwent 

deconvolution and were equally increased in brightness and contrast by the same absolute values for 

visibility. Scale bar 2 µm. (B-D) Normalized data for the density (B) fluorescence intensity (C) and area 

(D) of GABAAR ɣ2  for hippocampal neurons treated with Nogo-A function-blocking antibody (red) 

either without (n = 28) or with CysA (n = 34) or treated with control antibody (grey) without (n = 26) or 

with CysA (n = 31) for 10 min. (E) Normalized density of GABAAR ɣ2-positive clusters colocalized with 

Syn 1/2-positive puncta.(F-H) Normalized data for the density (F) fluorescence intensity (G) and area 

(H) of Syn 1/2- positive puncta for neurons treated with either Nogo-A function-blocking  (brown) or 

control (beige) antibody with or without CysA for 10 min. Data are presented as mean ± SEM. *p < 

0.05, **p < 0.01. 
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The lateral mobility of GABAAR ɣ2 can be regulated through the dephosphorylation of Ser327 

by CaN (Muir et al., 2010). Thus, it was next investigated, whether Nogo-A regulates the 

ability of CaN to target the Ser327 in the GABAAR ɣ2 subunit. Indeed, Ser327 

phosphorylation site and the surface located GABAAR ɣ2 subunit are colocalized (Figure 21). 

To examine if Ser327 is required for GABAAR ɣ2 phosphorylation via CaN upon Nogo-A loss-

of-function, immunocytochemical staining for the phosphorylated Ser327 (pSer 327) and the 

presynaptic marker Synapsin 1/2 was performed. 

 

Figure 21: GABAAR ɣ2 colocalizes with pSer327 

(A) Immunofluorescence for GABAAR ɣ2 pSer327 (magenta), 

GABAAR (green) and the merged images (bottom) show the 

colocalization visualized in detail in the higher power image on 

the right. For illustration, all images underwent deconvolution 

and were equally increased in brightness and contrast by the 

same absolute values for visibility. Scale bar 2 µm. 

 

Hippocampal DIV 21 – 25 neuronal cultures were treated with Nogo-A function-blocking or 

control antibody, either with DMSO control or CysA (Figure 22A). As shown above, 10 min 

Nogo-A loss-of-function resulted in a decrease in the levels of pSer327 compared to the 

control antibody. Both the density (Figure 22B; p < 0.05; Table 14) and area (Figure 22D; 

p < 0.01; Table 14) of pSer327-positive puncta decreased significantly, by ~20%, as well as 

the fluorescence intensity by ~30% (Figure 22C; p < 0.001; Table 14). While the density of 

colocalization between pSer327- and Synapsin 1/2-positive puncta (Figure 22E; Table 14) 

remained unchanged, the area of colocalized puncta (Figure 22F; p < 0.05; Table 14) was 

reduced significantly by ~20% after 10 min neutralization of Nogo-A. On the contrary, 

application of CysA, led to no differences in the density, intensity or area of pSer327-positive 

puncta (Figure 22B – 22D; Table 14) between the Nogo-A-blocking and control antibody. 

Similarly, also the colocalization of pSer327- and Synapsin 1/2-positive puncta was not 

effected in the density and area (Figure 22E – 22F; Table 14) upon CysA and 10 min Nogo-A 

loss-of-function. Synapsin 1/2 expression remained stable throughout Nogo-A and control 

antibody application as well after CysA treatment (Figure 22G – 22I; Table 14).  

These observations identify the Ser327 phosphorylation site of GABAAR ɣ2 as an important 

regulatory target of CaN during the modulation of GABAAR localization by Nogo-A signaling. 
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Figure 22: Nogo-A signaling regulates GABAAR ɣ2 subunit phosphorylation at Ser327 

(A) Immunofluorescence for GABAAR ɣ2 pSer327 (magenta), Synapsin 1/2 (Syn 1/2, green) and their 

merge (bottom) at primary dendrites of primary hippocampal neurons after treatment with control 

(black) or Nogo-A function-blocking antibody (red) for 10min, control or Nogo-A loss-of-function without 

(left) or with Cyclosporin A (CysA, right). For illustration, all images underwent deconvolution and were 

equally increased in brightness and contrast by the same absolute values for visibility. Scale bar 2 µm. 

(B-D) Normalized data for the density (B) fluorescence intensity (C) and area (D) of GABAAR ɣ2 for 

hippocampal neurons treated with Nogo-A function-blocking antibody (red) either without (n = 22) or 

with CysA (n = 24) for 10 min. (E,F) Normalized density (E) and area (F) of GABAAR ɣ2-positive 

clusters colocalized with Syn 1/2-positive puncta (G-I) Normalized data for the density (G) fluorescence 

intensity (H) and area (I) of Syn 1/2-positive puncta for neurons treated with either Nogo-A function-

blocking (brown) or control (beige) antibody with or without CysA for 10 min. Data are presented as 

mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Finally, to confirm whether Ser327 phosphorylation at GABAAR ɣ2 is required for regulating 

GABAAR ɣ2 lateral mobility, hippocampal primary neurons were transfected with an myc-

tagged ɣ2 GABAAR subunit, either with its Ser327 phosphorylation site intact (ɣ2 – myc) or 

with Ser327 mutated to a non-phosphorylatable alanine (ɣ2S327A – myc). The neurons 

transfected with both constructs were treated 10 min with Nogo-A function-blocking or control 

antibody. To detect GABAAR clustering, live-cell labeling of the GABAAR α2 subunit was 

performed. Moreover, Synapsin 1/2 was additionally immunocytochemically stained (Figure 

23A). While, neurons transfected with ɣ2 – myc showed no significant differences in the 

density or area of GABAAR α2-immunopositive clusters after 10 min of Nogo-A or control 

antibody application (Figure 23B and 23D; Table 15), the GABAAR α2 fluorescence intensity 

was significantly reduced by ~11% upon Nogo-A loss-of-function (Figure 23C; p < 0.05; 

Table 15). In neurons transfected with the non-phosphorylatable Ser327, ɣ2S327A – myc the 

reduction in GABAAR α2 fluorescence intensity was completely prevented (Figure 23C; Table 

15). The density and area of GABAAR α2 clusters was not significantly different in ɣ2S327A –

myc expressing neurons between both antibody conditions (Figure 23B and 23D; Table 15). 

Further, there were no alterations in the density and area of GABAAR α2 and Synapsin 1/2 

colocalized puncta, neither between the ɣ2 – myc and ɣ2S327A – myc transfected neurons, nor 

in Nogo-A-blocking or control antibody treated neurons (Figure 23E - 23F; Table 15). 

Furthermore, the density, intensity and area of Synapsin 1/2-positive puncta did not change 

upon the different conditions (Figure 23G – 23I; Table 15).  

In summary, upon Nogo-A signaling lateral mobility of GABAARs requires the Ca2+-

dependent phosphatase CaN. Particularly, inhibition of CaN by CysA prevented the reduced 

GABAAR ɣ2 clustering and phosphorylation of Ser327 upon antibody-mediated blocking of 

Nogo-A. Moreover, Nogo-A signaling had no effect on GABAAR diffusion dynamics, when 

Ser327 cannot be phosphorylated. Thus, several lines of evidence have indicated that Nogo-

A signaling regulates CaN activation and thereby modulates the number of synaptic 

GABAARs by modifying phosphorylation of their Ser327. 
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Figure 23: Regulation of GABAAR localization by Nogo-A loss-of-function requires 
dephosphorylation of GABAAR ɣ2 at Ser327 
(A) Live-cell labeling of surface GABAAR α2 (magenta) and immunofluorescence for Synapsin 1/2 (Syn 

1/2, green) and their merge (bottom) at primary dendrites of primary hippocampal neurons after 

treatment with control (black) or Nogo-A function blocking antibody (red) for 10min. Neurons express 

the myc-tagged GABAAR ɣ2 subunit with the pSer327 phosphorylation site intact (ɣ2-myc, left) or 

mutated to alanine (ɣ2 
S327A

-myc, right). For illustration, all images underwent deconvolution and were 

equally increased in brightness and contrast by the same absolute values for visibility. Scale bar 2 µm. 

(B-D) Normalized data for the density (B) fluorescence intensity (C) and area (D) of GABAAR α2 for 

hippocampal neurons treated with Nogo-A function-blocking antibody (red) or with control antibody 

(grey) for 10 min. (E,F) Normalized density (E) and area (F) of GABAAR α2-positive clusters 

colocalized with Syn 1/2-positive puncta. (G-I) Normalized data for the density (G) fluorescence 

intensity (H) and area (I) of Syn 1/2-positive puncta for neurons treated with either Nogo-A function-

blocking (brown) or control (beige) antibody for 10 min. (ɣ2-myc : Ctrl Ab, n= 32, Nogo-A Ab, n = 32;  

ɣ2 
S327A

-myc: Ctrl Ab, n= 33, Nogo-A Ab, n = 32). Data are presented as mean ± SEM. *p < 0.05. 
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3.4 Nogo-A loss-of-function promotes calcium signaling 

3.4.1 The regulation of GABAAR clustering upon Nogo-A loss-of-function is 

dependent on external calcium influx  

Ca2+ plays a key role in regulating neuronal functions, with respect to modulating excitatory 

and inhibitory strength in synaptic transmission. Indeed, alterations in the amount of synaptic 

GABAARs is controlled by neuronal activity, depending on Ca2+ influx and CaN activation 

(Bannai et al., 2009). The results above show that Nogo-A signaling via S1PR2 regulates 

Ca2+ dynamics as well as GABAAR diffusion and their synaptic localization (Fricke et al., 

2019). To identify the source of the intracellular Ca2+ increase upon Nogo-A loss-of-function, 

primary hippocampal neurons of DIV 21 – 25 were treated extracellularly with the Ca2+ 

chelator EGTA suppressing the Ca2+ influx through Ca2+-permeable ion channels. The 

neurons were additionally treated for 10 min with either Nogo-A function-blocking or control 

antibody and subsequently surface GABAARs as well as Synapsin 1/2 were immunolabeled 

(Figure 24A). Similar to previous data, a 10 min application of Nogo-A led to a significant 

decrease by ~20% in the density of GABAAR clusters (Figure 24B; p > 0.01; Table 16) and 

their fluorescence intensity (Figure 24C; p < 0.05; Table 16), when compared to the control 

antibody. The GABAAR cluster area (Figure 24D; Table 16) was not significantly altered. This 

reduction in the density and fluorescence intensity of GABAAR clusters for Nogo-A antibody 

treated neurons was prevented upon EGTA co-application (Figure 24B – 24C; Table 16). 

Furthermore, the density, but not the area of GABAAR clusters colocalized with Synapsin 1/2-

positive puncta, was significantly reduced by ~20% upon Nogo-A loss-of-function alone 

(Figure 24E – 24F; 24E: p < 0.001; Table 16). Treatment with EGTA prevented the changes 

in density and area of GABAAR clusters colocalized with Synapsin 1/2-positive puncta 

(Figure 24E – 24F; Table 16). No changes could be observed in the density, intensity or area 

of Synapsin 1/2-positive puncta (Figure 24G - 24I; Table 16).  

These results so far show the necessity of extracellular Ca2+ to promote GABAAR diffusion 

upon acute neutralization by Nogo-A function-blocking antibody. Further, the prevention of 

GABAAR dispersal upon Nogo-A loss-of-function and EGTA treatment, support the 

hypothesis of Ca2+ influx through membrane Ca2+-permeable ion channels. 
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Figure 24: Nogo-A signaling modulates GABAAR clustering via Ca
2+

 influx 

(A) Live-cell labeling of surface GABAAR ɣ2 (magenta), immunofluorescence for Synapsin (Syn 1/2, 

green) and their merge (bottom) at primary dendrites of primary hippocampal neurons after treatment 

with control (black) or Nogo-A function blocking antibody (red) for 10min, control or Nogo-A loss-of-

function without (left) or with EGTA (right). For illustration, all images underwent deconvolution and 

were equally increased in brightness and contrast by the same absolute values for visibility. Scale bar 

2 µm. (B-D) Normalized data for the density (B) fluorescence intensity (C) and area (D) of GABAAR ɣ2  

for hippocampal neurons treated with Nogo-A function-blocking antibody (red) or with control antibody 

(grey) without (Ctrl Ab, n= 30, Nogo-A Ab, n = 29) or with EGTA (Ctrl Ab, n= 32, Nogo-A Ab, n = 32) for 

10 min. (E,F) Normalized density (E) and area (F) of GABAAR γ2-positive clusters colocalized with Syn 

1/2-positive puncta. (G-I) Normalized data for the density (G) fluorescence intensity (H) and area (I) of 

Syn 1/2-positive puncta for neurons treated with either Nogo-A function-blocking (brown) or control 

(beige) antibody with or without EGTA for 10 min. Data are presented as mean ± SEM. *p < 0.05, **p < 

0.01, ***p < 0.001. 
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Ca2+ influx from the extracellular space generally depends on neuronal activation and is, 

among others mediated by Ca2+-permeable ion channels (Grienberger & Konnerth, 2012). In 

addition, the cytosolic Ca2+ concentration is maintained stable by Ca2+ efflux from the 

endoplasmic reticulum (ER) to the cytoplasm (Rapizzi et al., 2007). The phosphatase CaN 

has a very high affinity for Ca2+ and is already activated by nanomolar concentrations of 

cytoplasmic Ca2+ (Goto et al., 1993), regardless of whether the Ca2+ enters from the 

extracellular space or internal stores. To confirm, that the synaptic rise in cytosolic Ca2+ 

required for the changes in GABAAR diffusion dynamics upon Nogo-A loss-of-function is 

dependent on the influx of extracellular Ca2+, the membrane permeable intracellular Ca2+ 

chelator BAPTA-AM was used. Due to the Ca2+ chelating properties of BAPTA-AM 

endogenous Ca2+ is bound, thus a homeostasis of intracellular Ca2+ was achieved. Similar to 

the previous experiments, in hippocampal primary neurons of DIV 21 – 25 GABAAR 

clustering was assessed upon an acute treatment with control or Nogo-A-blocking antibodies 

for 10 min with or without application of BAPTA-AM (Figure 25A). Upon Nogo-A loss-of-

function for 10 min the density, fluorescence intensity and area of GABAAR clusters was 

decreased by ~10 – 15 % significantly (Figure 25B – 25D; p < 0.05; Table 17). Upon the 

presence of BAPTA-AM, the density and area of GABAAR clusters was not significantly 

different between Nogo-A function-blocking or control antibody (Figure 25B and 25D; Table 

17), whereas the GABAAR fluorescence intensity was still significantly reduced by ~15% 

(Figure 25C; p < 0.05; Table 17). Moreover, the density of GABAAR clusters colocalized with 

Synapsin 1/2-positive puncta was slightly decreased after 10 min Nogo-A antibody treatment 

compared to the control antibody, but no difference was displayed upon BAPTA-AM between 

both antibody conditions (Figure 25E; Table 17). Conversely, the area of GABAAR and 

Synapsin 1/2 colocalization was reduced by ~20% after Nogo-A antibody application and this 

effect was completely rescued upon BAPTA-AM application (Figure 25F; p < 0.001; Table 

17). The fluorescence intensity of Synapsin 1/2-positive puncta remained stable in density, 

fluorescence intensity and puncta area between the different conditions (Figure 25G – 25I; 

Table 17).  

This experiment showed that the increase observed in GABAAR mobility upon Nogo-A loss-

of-function requires Ca2+ influx. As a result of blocking Ca2+ entry to the cytoplasm by EGTA, 

the GABAAR diffusion did not change upon Nogo-A loss-of-function. Buffering intracellular 

Ca2+ while keeping the extracellular Ca2+ source by BAPTA-AM, acute Nogo-A neutralization 

still led to decreased GABAAR clustering. This strengthens the theory of Ca2+ entering the 

neuron is required to activate CaN and further regulate GABAARs. 
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Figure 25: The membrane-permeable Ca

2+
 chelator BAPTA-AM has no influence on GABAAR 

clustering upon Nogo-A loss-of-function 
(A) Live-cell labeling of surface GABAAR ɣ2 (magenta), immunofluorescence for Synapsin (Syn 1/2, 

green) and their merge (bottom) at primary dendrites of primary hippocampal neurons after treatment 

with control (black) or Nogo-A function blocking antibody (red) for 10min, control or Nogo-A loss-of-

function without (left) or with BAPTA-AM (right). For illustration, all images underwent deconvolution 

and were equally increased in brightness and contrast by the same absolute values for visibility. Scale 

bar 2 µm. (B-D) Normalized data for the density (B) fluorescence intensity (C) and area (D) of GABAAR 

ɣ2 for hippocampal neurons treated with Nogo-A function-blocking antibody (red) or with control 

antibody (grey) without or with BAPTA-AM for 10 min. (E) Normalized density of GABAAR ɣ2-positive 

clusters colocalized with Syn 1/2-positive puncta. (G-I) Fluorescence intensity (H) and area (I) of Syn 

1/2-positive puncta for neurons treated with either Nogo-A function blocking (brown) or control (beige) 

antibody with or without BAPTA-AM for 10 min. n = 45. Data are presented as mean ± SEM. *p < 0.05, 

**p < 0.01. 
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3.4.2 The calcium increase upon Nogo-A loss-of-function is independent from 

its release from the internal stores 

Neurons use both, intra- and extracellular sources, interacting with each other to control 

Ca2+-dependent processes. The ER provides the main pool of intracellular Ca2+ and thereby 

plays an important role in Ca2+ signaling (Burgoyne, 1987). Nogo-A has been shown to 

modulated Ca2+ transients monitored by using the genetically encoded calcium indicator 

GCaMP5g. Precisely, Nogo-A loss-of-function results in enhanced Ca2+ transmission (Fricke 

et al., 2019). Moreover, Nogo-A is also present in the ER surface (Schwab, 2010), which 

arises the question of whether Nogo-A signaling may influence Ca2+ release from the internal 

stores. For studying the role of Nogo-A signaling on the release of Ca2+ from the ER, primary 

hippocampal neurons of 21 – 25 DIV were transfected with the genetically encoded ER-

targeted Ca2+ sensor ER-GCaMP6-150 and treated with either Nogo-A function-blocking or 

control antibody. Time lapse images of the transfected neurons were recorded before and 

after Nogo-A or control antibody application. The low affinity properties upon Ca2+ binding of 

ER-GCaMP6-150 allow to detect Ca2+ dynamics displayed by fluorescence intensity changes 

(Juan-Sanz et al., 2017). Consequently negative and positive changes in fluorescence 

intensity are due to ER Ca2+ influx and efflux respectively (Figure 26A and 26B). Ca2+ release 

from the internal stores results in negative changes in fluorescence intensity of which 

frequency and amplitude were analyzed before and after Nogo-A function-blocking or control 

antibody treatment. The frequency of negative fluorescence intensity peaks increased by 

~40% upon time under control conditions (Figure 26A and 26C; Table 18). The Nogo-A loss-

of function approach resulted in a similar rise in the frequency of negative peaks by ~50% 

after 15 min (Figure 26B - 26C; Table 18). The amplitude of the negative peaks remained 

stable over time and did not differ between the two antibody conditions (Figure 26A/B and 

26D, Table 18).  

The entry of Ca2+ into the ER is displayed by positive changes in fluorescence intensity. The 

frequency of positive peaks showed an increase upon time, starting by ~15% after 10 min 

and reached ~25% after 15 min, in neurons treated with control antibody. Acute Nogo-A 

neutralization led to a rise in positive peaks by ~12% increase after 5 min, to ~40% after 10 – 

15 min (Figure 26A/B and 26E; Table 18). Nogo-A loss-of-function resulted in a clear 

increase in the amplitude of positive peaks. Already 5 min after Nogo-A-blocking antibody 

application the amplitude of positive peaks reached ~5%, and ends after 15 min in an 

increase of ~10%, close to significance compared to the control (Figure 26A/B and 26F; 

ANOVA treatment, p < 0.095, F1/23 = 3.053; Table 15). 

These results indicate a change in Ca2+ transmission through the ER upon acute 

neutralization of Nogo-A, characterized by the increased Ca2+ entry into the internal stores.   
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Figure 26: Nogo-A signaling influences ER-mediated Ca
2+

 dynamics 

(A, B) Relative fluorescence intensity changes of ER-mediated Ca
2+

 transients before and 10 min after 

control (black) or Nogo-A function-blocking antibody (red) treatment. Dashed lines border the 

background noise. Peaks that exceed the borders are counted for frequency and measured amplitude of 

Ca
2+

 transients. Scale bar ∆F/F0 5% vertical and 20 sec horizontal. (C-D) Normalized frequency and 

amplitude of ER-mediated Ca
2+

 transients. Percent change in frequency (A,C) and amplitude (B,D) of 

Ca
2+

 transients upon control antibody (black, n = 10) or Nogo-A function-blocking antibody (red, n = 10) 

over time.  

 

To further assess the effects of the Nogo-A signaling on the intracellular Ca2+ concentration 

and to support the previous observation of an altered Ca2+ influx into the ER upon Nogo-A 

loss-of-function, the inhibitor of SERCA ATPase CPA was used. The SERCA ATPase 

transfers Ca2+ from the cytosol of the neuron to the lumen of the ER (Brini & Carafoli, 2009). 

Application of CPA leads to a reversible depletion of the ER Ca2+ stores (Henderson et al., 

2015). To examine the ER-mediated Ca2+ dynamics upon Nogo-A loss-of-function, CPA was 

applied to ER-GCaMP6-150 transfected hippocampal primary neurons for 5 min and 

subsequently washed-out. Both control and Nogo-A function-blocking antibody treated 

neurons started at the same fluorescence intensity level. After 5 min of baseline recordings 

both for the Nogo-A-blocking and control antibody condition, CPA was washed-in and 

resulted in an equal decrease of fluorescent intensity finally reaching – 80% between 5 – 

10 min after CPA wash-in. After wash-out of CPA, the fluorescence intensity progressively 

increased within 5 min to similar levels in the Nogo-A function- blocking and control antibody 

conditions. After 15 min of CPA wash-out the control condition showed significantly less 

increase in fluorescence intensity than the neurons treated with Nogo-A-blocking antibody. 
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Upon Nogo-A loss-of-function the fluorescence intensity reached its maximum after 15 min of 

CPA washout and remained at a plateau of – 20%, whereas the control condition still 

increased, finally reaching – 30% fluorescence intensity after 35 min of CPA wash-out 

(Figure 27A – 27B; ANOVA treatment, p < 0.001, F1,15 = 6.382).          

Taking together the results of the acute Nogo-A neutralization show no difference in Ca2+ 

efflux from the ER, measured by amplitude and frequency of negative changes in 

fluorescence intensity. These findings are consistent with the absence of alterations in the 

decrease in fluorescence intensity observed after depleting the ER Ca2+ stores by application 

of CPA. On the other hand, alterations were observed in the refilling of the internal stores 

after CPA wash-out upon Nogo-A loss-of-function. These observations are in agreement with 

the previous finding that Nogo-A neutralization influences the amplitude of the positive 

changes in fluorescence intensity. This suggests an increased cytosolic Ca2+ concentration 

during Nogo-A function-blocking antibody treatment which is then stored into the ER. The 

absence of alterations in ER Ca2+ efflux, indicate an ER-independent increase of Ca2+ 

dynamics upon Nogo-A loss-of-function.  
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Figure 27: Nogo-A signaling increases Ca
2+

 

entry into the ER after its depletion with CPA 

(A) Representative pseudo line-scans of Ca
2+

 

fluorescence of control antibody (black) or Nogo-A 

function-blocking antibody (red) treated neurons 

upon CPA wash-in and wash-out. Fluorescence 

was tracked over a time course of 45 min. Heat 

map for a range of 0-100 % intensity change is 

displayed.  (B) Averaged percent change of 

fluorescence intensity over time. After 15 min 

treatment with either Ctrl Ab (grey, n = 9) or Nogo-

A function-blocking antibody (red, n = 9), individual 

neurons were recorded for 5 min baseline, before 

5 min CPA wash-in and during CPA wash-out. 

Ca
2+

 refilling into the ER was monitored for 35 min. 

ANOVA treatment, p < 0.001, F1,15 = 6.382, n = 9. 

All data are presented as mean ± SEM. *p < 0.05 

 

3.5 Acute Nogo-A loss of function increases marker for neuronal activity  

3.5.1 Nogo-A signaling, via S1PR2 regulates the activation of CREB and 

expression of c-Fos at a fast time scale 

Ca2+ signaling is essential for synaptic plasticity and regulates gene expression through the 

transcription factor cAMP-responsive element binding protein CREB. CREB is a nuclear 

transcription factor, which activity is regulated by phosphorylation in a neuronal activity and 
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Ca2+ transmission dependent manner (Kim & Ziff, 2014). Furthermore, CREB is involved in 

the formation of long-term memories and is therefore an interesting candidate to be 

modulated by Nogo-A signaling. Besides of regulating Ca2+ dynamics, Nogo-A is known to 

influence activity-dependent synaptic plasticity as blocking Nogo-A or its receptors has been 

shown to result in higher long-term potentiation (LTP; Delekate et al., 2011). To examine the 

role of Nogo-A signaling on CREB phosphorylation, primary hippocampal neurons of 21 – 

25 DIV were treated with either Nogo-A loss-of-function for the Nogo-∆20 domain, or for both 

its receptors S1PR2 as well as NgR1. Moreover, the neurons were immunocytochemically 

stained for pCREB and for MAP2 (Figure 28A) as a neuronal marker and the relative number 

of pCREB positive neurons was calculated. After 10 min application of Nogo-A function-

blocking antibody the number of pCREB-positive neurons was significantly increased by 

~15% compared to the control antibody condition (Figure 28B; p <0.05; Table 19). Whereas 

blocking S1PR2 by JTE-013, led to a non-statistically significant lower number of pCREB 

positive neurons by ~10% compared to DMSO control. Furthermore, no significant changes 

were measured by 10 min NgR1 loss-of-function, despite an increase by ~10% of pCREB 

positive neurons compared to the control condition (Figure 28B; Table 19) . 

It can be concluded, that Nogo-A signaling has an influence on the activation of CREB, 

assuming a correlation to the increase on intracellular Ca2+ upon Nogo-A loss-of-function. 

However the phosphorylation of CREB was not altered after blocking both Nogo-A cognate 

receptors S1PR2 and NgR1.     
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Figure 28: Nogo-A loss-of-function 

leads to an increased activation of 

pCREB 

(A) Immunocytochemical staining for 

MAP2 (green) and pCREB (magenta) 

and their merged image (bottom). For 

illustration, all images underwent 

deconvolution and were increased in 

brightness and contrast for visibility. 

Scale bar 10 µm. (B) Normalized data 

for the number of pCREB positive 

neurons, after 10 min treatment with 

either Nogo-A-blocking antibody (red) 

S1PR2 blocker JTE-013 (green), NgR1-blocking antibody (blue) and/ or their respective controls 

(grey). Each dot represents one coverslip. Data are presented as mean ± SEM. *p < 0.05  

 

Ca2+-dependent phosphorylation of the transcription factor CREB leads to the induction of a 

number of immediate-early genes including c-Fos (Rosen et al., 1995). The expression of 

immediate-early genes like c-Fos is used as a marker for neuronal activation (Minatohara et 

al., 2016). Thus, the expression levels of c-Fos were analyzed within MAP2 labeled neurons 

(Figure 29). Hippocampal primary neurons of 21 – 25 DIV were treated with either Nogo-A 
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function-blocking antibody, S1PR2 inhibitor JTE-013 or NgR1 function-blocking antibody, as 

well as their respective controls. Upon acute neutralization of Nogo-A, a significant increase 

could be observed in the number of c-Fos positive neurons by ~ 33 % (Figure 29B; p < 0.01; 

Table 19). On the contrary, blocking the associated receptor, S1PR2 by 10 min application of 

JTE-013, did not alter the percentage of c-Fos positive neurons. Furthermore, upon NgR1 

loss-of-function approach, the c-Fos expression remained unchanged (Figure 29B; Table 

19).  

In summary, Nogo-A is involved in regulating synaptic transmission, shown by modulating 

Ca2+ dynamics as well as excitatory and inhibitory signaling at a fast time scale. Moreover, 

Nogo-A loss-of-function for the Nogo-∆20 domain resulted in an increase in CREB activation 

and c-Fos expression. 
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Figure 29: Nogo-A loss-of-function 

increases c-Fos expression 

(A) Immunocytochemical staining for 

MAP2 (green) and c-Fos (magenta) 

and the merged image (bottom). For 

illustration, all images underwent 

deconvolution and were increased in 

brightness and contrast for visibility. 

Scale bar 10 µm. (B) Normalized data 

for c-Fos positive neurons,  in 

percentage to MAP2 labeled neurons, 

after 10 min treatment with either 

Nogo-A function-blocking antibody  

(red), S1PR2 blocker JTE-013 (green), NgR1 antibody (blue) and/ or their respective controls (grey). 

Each dot represents an analyzed coverslip. Data are presented as mean ± SEM. *p < 0.01 

 

3.5.2 Activation of c-Fos via the NgR1 is time-dependent 

The inhibitory effects of Nogo-A signaling depend on its two functional domains, Nogo-Δ20 

and Nogo-66 (Schwab, 2010). Both Nogo-A-∆20, via S1PR2 as well as Nogo-66 via NgR1 

have been shown to negatively regulate functional synaptic plasticity (Delekate et al., 2011; 

Iobbi et al., 2017; Lee et al., 2008; Raiker et al., 2010). However, this study could not identify 

any effect of NgR1 in regulating either the inhibitory or the excitatory synaptic transmission, 

in modulating Ca2+ dynamics or in the activation of neuronal activity markers at a fast time 

scale. To examine whether Nogo-A signaling and especially NgR1 may regulate the 

activation of CREB and c-Fos at a slower time scale, 21 – 25 DIV primary hippocampal 

neurons were treated with either Nogo-A function-blocking antibodies for the Nogo-∆20 

domain or for NgR1 and with the S1PR2 inhibitor JTE-013. To match previous results 

showing that blocking Nogo-A or NgR1 one hour before and during recording results in a 

higher LTP (Delekate et al., 2011), the treatment was increased to 2 hours. While upon a 2 
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hour Nogo-A neutralization the amount of c-Fos expressing neurons was significantly 

increased by ~20% (Figure 30; p<0.05; Table 20), inhibiting S1PR2 with JTE-013 for the 

same time showed no changes in c-Fos positive neurons (Figure 30). On the contrary, upon 

2 hours of NgR1 loss-of-function, an increase in c-Fos expression by ~30% was detectible, 

albeit not significant (Figure 30; Table 20).  

These results suggest that NgR1 signaling may regulate neuronal activation in a time-

dependent manner.  

 

Figure 30: Phosphorylation of c-Fos via Nogo-
A signaling  
Relative number of c-Fos positive neurons 
(identified by their positivity to MAP2) after a 2 
hour treatment with either Nogo-A function- 
blocking antibody (red), S1PR2 blocker JTE-013 
(green), NgR1-blocking antibody (blue) and their 
respective controls (grey). Each dot represents 
one coverslip. Data are presented as mean ± 
SEM. *p < 0.05 
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4 Discussion 

Functional and structural plasticity reflects adaptive alterations in synaptic strength upon 

altered neuronal activity (Fischer et al., 2000; Yuste & Bonhoeffer, 2001). Research during 

the last years has provided strong support for a role of Nogo-A as a stabilizer of the function 

and the structure of mature neuronal circuits in the central nervous system. While Nogo-A 

signaling has been well described in negatively modulating activity-dependent synaptic 

plasticity, assessing whether Nogo-A regulates neuronal activity was the goal of recent work 

and of this study.  

Changes in neuronal activity can be displayed by alterations in calcium (Ca2+) dynamics, 

which are increased upon Nogo-A loss-of-function (Fricke et al., 2019). A rise in intracellular 

Ca2+ levels is associated with adaptive alterations in neurotransmitter receptors present on 

postsynaptic sites. Nogo-A was shown to modulate excitatory synaptic transmission by 

restricting α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor (AMPAR) levels 

and their delivery to the postsynaptic compartments (Kellner et al., 2016). Furthermore, 

Nogo-A signaling via its cognate receptor Sphingosine-1-Phosphate Receptor 2 (S1PR2) 

also limits ɣ-aminobutyric acid receptor type A (GABAAR) diffusion dynamics thereby 

strengthening inhibitory GABAergic transmission (Fricke et al., 2019). Thus Nogo-A 

reciprocally modulates excitatory and inhibitory synaptic transmission through AMPARs and 

GABAARs, in a Ca2+-dependent manner and thereby promotes stability in high plastic 

neuronal networks.  

This study concentrated on fast occurring changes in excitatory and inhibitory synaptic 

transmission after acute, antibody-mediated blocking of Nogo-A signaling. Interfering for 10 

min with Nogo-A signaling resulted in a higher amount of surface AMPARs at synaptic sites 

as well as in an increased amplitude of miniature excitatory postsynaptic currents (mEPSCs) 

in hippocampal neurons. Furthermore, Nogo-A signaling regulates GABAAR clustering where 

10 min Nogo-A antibody application results in a decreased amplitude of miniature inhibitory 

postsynaptic currents (mIPSCs). These results indicate that the Nogo-A signaling influences 

the strength of both excitation and inhibition at a fast time scale thereby regulating the 

excitation/ inhibition balance (E/I balance). Moreover, this study provides knowledge on the 

putative mechanisms of the Nogo-A-mediated effects on maintaining synaptic stability. 

Especially, Nogo-A/ S1PR2 signaling cascade was here shown to act upon the intracellular 

Ca2+ levels to influence GABAergic inhibitory transmission. Upon loss-of-function of either the 

Nogo-A-∆20 domain or S1PR2, Ca2+ dynamics were increased leading to activation of the 

phosphatase Calcineurin. Calcineurin can dephosphorylate the serine residue 327 (Ser327) 

of GABAARs causing enhanced GABAAR mobility and reduced inhibitory signal transmission. 



Discussion 

62 

 

This study further addressed the possible source of the intracellular rise in Ca2+ levels after 

neutralizing Nogo-A. Interestingly, manipulating the NgR1 signaling displayed no changes in 

Ca2+ transients and moreover had no effect on inhibitory signal transmission. Consequently, 

the results identify an important role of the Nogo-A/ S1PR2 signaling in attenuating excitatory 

synaptic transmission and promoting inhibitory transmission at a fast time scale.   

 

4.1 Nogo-A signaling affects the excitation/ inhibition balance at a single 

cell level 

Nogo-A rapidly modulates excitatory and inhibitory synaptic transmission, as shown in 

previous studies. In whole-cell patch clamp experiments, a loss-of-function for Nogo-A 

signaling resulted in an increase of mEPSCs, while the amplitude of mIPSCs was decreased 

(Kellner et al., 2016; Fricke et al., 2019). Notably, the alterations observed in the levels of 

excitatory and inhibitory synaptic transmission occur concurrently within 5 to 10 min after 

Nogo-A neutralization. Nevertheless, these observations were obtained in separate 

experiments, leading to the question of whether these effects take place at the network or at 

a single cell level. In this study, mEPSCs and mIPSCs were recorded simultaneously within 

individual CA3 pyramidal neurons (Figure 8 - 10). The result confirmed the previous findings 

and also showed that 10 min Nogo-A loss-of-function restricts the amplitude of mEPSCs and 

promotes the one of mIPSCs of individual neurons (Fricke et al., 2019).  

In a whole-cell recording configuration, mEPSCs were measured to examine functional 

properties of glutamate receptors. AMPARs and NMDARs are colocalized postsynaptically at 

mature glutamatergic synapses (Nicoll et al., 1990). AMPARs mediate fast excitatory 

signaling and subsequently activate NMDARs by their depolarizing effect. In agreement with 

the observation, that antibody-mediated blocking of Nogo-A promotes the localization of 

AMPAR GluA1 at synapses already after 10 min (Fricke et al., 2019; Figure 12), the fast 

regulatory effect of a loss-of-function of Nogo-A signaling is the strengthening of excitation. 

Moreover, mIPSCs are mainly GABAR mediated, and the confinement of GABAARs at 

synapses was shown to be decreased by a 10 min Nogo-A loss-of-function (Fricke et al., 

2019). By recording the amplitude of mEPSCs and mIPSCs simultaneously within the same 

neuron, the ratio on excitation and inhibition was calculated and depicts a statistically 

significant shift towards more excitation (Figure 9). These data are aligned with a previous 

study on Nogo-A-/- mice, where patch clamp recordings in CA3 hippocampal neurons reveled 

an increase in the synaptic excitation/ inhibition (E/I) ratio (Berry et al., 2018). Interestingly, 

by simultaneously recording mEPSC and mIPSC amplitude of the same neuron, an effect of 

Nogo-A loss-of-function is either present on GABAergic or glutamatergic postsynaptic 
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currents (Figure 10). In detail, after 10 min of Nogo-A function-blocking antibody application 

~50% of the recorded neurons showed less inhibition, while the other ~50% increased in 

excitation. This indicates a neuron-specific effect upon Nogo-A signaling either regulating 

glutamatergic neurotransmitter receptors or GABARs. In the recent publication of Fricke et 

al., 2019, GABAAR diffusion dynamics were monitored by quantum dot-based GABAAR (QD-

GABAAR) tracking. The average size of explored membrane surface by QD-GABAARs was 

significantly increased after 10 min antibody-mediated blocking of Nogo-A compared to the 

control condition; however ~50% of Nogo-A function-blocking antibody treated neurons 

revealed no changes in GABAAR diffusion (Fricke et al., 2019). Since the amount of 

postsynaptic clustered GABAARs is correlated to the strength of inhibitory synaptic 

transmission, the observation of ~50% of the neurons exhibit less GABAergic synaptic 

transmission can be supported.  

Excitatory and inhibitory synaptic currents received by a specific neuron, are kept 

approximately constant and define the E/I balance (Zhou & Yu, 2018). Inhibitory synapses 

are assumed to primarily regulate excitation throughout neural networks. Parvalbumin (PV)-

positive interneurons represent an inhibitory cell type, crucial for regulating neuronal activity 

of principal excitatory neurons through inhibition (Donato et al., 2013). Within the 

hippocampus, it has been discovered that PV-positive interneurons highly express Nogo-A 

(Zagrebelsky et al., 2016), suggesting an influence of Nogo-A on the activity of these 

interneurons. Interestingly, PV belongs to Ca2+ binding proteins and has an important role in 

maintaining E/I balance (Donato et al., 2013). Upon Nogo-A loss-of-function Ca2+ 

transmission is increased, which could activate PV-positive interneurons, however this was 

not verified in the current study.  

Excitatory and inhibitory plasticity induced by changes in neuronal activity can be directly 

controlled by neuromodulators, which transiently alter E/I balance (Froemke, 2015). Smith et 

al., 2017 recently described Cadherin-10 as modulator of excitatory and inhibitory synaptic 

transmission. Knockdown experiments for Cadherin-10 reduced excitatory, while increased 

inhibitory synaptic strength and altering the E/I ratio. Cadherin-10 maintains E/I balance 

through interaction with synaptic proteins. Direct binding of Cadherin-10 to PSD95 and 

Gephyrin, results in alterations of postsynaptic receptor clustering (Smith et al. 2017). In this 

context, Nogo-A serves as a modulator of excitatory and inhibitory synaptic transmission by 

modulating synaptic neurotransmitter receptors.  

Taken together, Nogo-A loss-of-function promotes excitation while suppressing inhibition 

leading to alterations in the E/I ratio. Changes of the E/I balance in a reciprocal manner is 

considered to occur on different neurons. Acting as a molecular brake, Nogo-A restricts 

synaptic plasticity by maintaining the E/I balance of the neuronal network.  
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4.2 Nogo-A and the regulation of neurotransmitter receptors 

Neurotransmitter receptors are important parameters in regulating synaptic efficiency. An 

activity-dependent change in neuronal excitability relies on inhibitory compounds such as the 

efficiency of GABAergic inhibition or glutamatergic-mediated excitation. Alterations in 

excitatory and inhibitory synaptic transmission are mainly mediated by neurotransmitter 

receptors. Nogo-A signaling is known to affect neurotransmitter receptors, thus this thesis 

intended to provide an insight into the extent to which Nogo-A signaling is involved in 

regulating AMPARs and GABAARs at a fast time scale. 

 

4.2.1 Calcium-permeable AMPARs are recruited to the membrane upon Nogo-A 

loss-of-function 

The regulation of AMPAR function and membrane trafficking are critical for many forms of 

synaptic plasticity. Nogo-A signaling negatively regulates AMPAR trafficking. Here the results 

of live-cell labeling of AMPAR subunit GluA1 showed a significant increase in cluster density 

and area, after 10 min of Nogo-A loss-of-function (Figure 12), indicating that Nogo-A restricts 

GluA1 membrane insertion at postsynaptic sites. This effect of Nogo-A on AMPARs has 

already been described in previous studies, using super-ecliptic pHluorin fused to the N-

terminus of GluA1 (SEP-GluA1). After 30 min Nogo-A function-blocking antibody treatment, 

the fluorescence intensity of SEP-GluA1 was significantly enhanced (Kellner et al., 2016). 

Moreover, the protein level of GluA1 in synaptosomal fractions is increased after 10 min of 

Nogo-A neutralization (Fricke et al., 2019). A rapid insertion of AMPARs at synaptic sites is 

accompanied with induction of LTP, and indeed, acute neutralization of Nogo-A results in 

higher LTP (Delekate et al., 2011). Both upon LTP and LTD changes in the conductance and 

trafficking of AMPARs in and out of synaptic membranes are due to the phosphorylation of 

the two serine residues Ser831 and Ser845 located in the C-terminal sequence of GluA1 

(Lee et al., 2003). Lee et al., 2003 showed that deficits in LTD, LTP and memory acquisition 

in spatial learning tasks were observed in mice with a knock-in mutation for the GluA1 

Ser831 and Ser845 phosphorylation sites suggesting the necessity of GluA1 phosphorylation 

for plasticity and learning and memory.  

An enzyme, that plays a critical role in LTP is calcium/calmodulin-dependent protein kinase II 

(CaMKII) which can directly phosphorylate GluA1 thereby changing the single-channel 

conductance of AMPARs mediating synaptic potentiation during LTP (Derkach et al., 1999; 

Benke et al., 1998). Moreover CaMKII is involved in GluA1 exocytosis (Shi et al., 1999; 
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Hayashi et al., 2000). Interestingly, Nogo-A regulates spatial learning and memory formation 

(Zagrebelsky et al., 2017) and modulates surface AMPARs (Kellner et al., 2016). 

Furthermore, Nogo-A is expressed within CaMKII positive neurons in the stratum pyramidale 

of both hippocampal CA1 and CA3 as well as in the stratum oriens and stratum radiatum of 

CA3 (Zagrebelsky et al., 2017). Taken together, phosphorylation can regulate AMPARs by 

modulation of channel properties as well as trafficking of AMPARs to the surface membrane 

of postsynaptic sites. Phosphorylation of GluA1 induced by CaMKII requires Ca2+, which was 

shown to be enhanced after acute neutralization of Nogo-A signaling (Fricke et al., 2019). 

This rise in Ca2+ upon Nogo-A loss-of-function could be due to the lack of GluA2 containing 

receptors incorporated to the synaptic membrane. In this study, it was shown, that after 

10 min loss-of-function of Nogo-A, GluA1 was significantly increased at synaptic sites, while 

GluA2 remained unaltered (Figure 13). GluA2 lacking and thus a relative increase in Ca2+-

permeable AMPARs, have been implicated in LTP as well as being crucial for several types 

of synaptic plasticity (Man, 2011). In the context of Nogo-A signaling in negatively regulating 

synaptic plasticity and restricting GluA1 insertion, it can be assumed, that on a fast time 

scale, neutralization of Nogo-A leads to alterations in ion channel properties of AMPARs 

followed by an increase in Ca2+ concentration due to a switch toward more GluA2-lacking 

Ca2+-permeable AMPARs at the membrane. To test whether this Ca2+ increase after blocking 

Nogo-A is AMPAR-mediated, the neurons were additionally treated with the selective and 

competitive AMPAR antagonist NBQX. Interestingly, the significant rise in intracellular Ca2+ 

was completely prevented upon NBXQ (Figure 14), suggesting an AMPAR dependency. 

However, although GluA2-lacking AMPARs reveal Ca2+ permeability, the main Ca2+ influx is 

known to be mediated by NMDARs (Dingledine et al., 1999). Phosphorylation of AMPARs 

followed by trafficking is dependent on NMDARs and precedes AMPAR insertion lacking the 

GluA2 due to CaMKII activity (Fortin et al., 2010). Notably, Nogo-A appears to influence 

GluA1 and GluA2 as well as NMDAR subunit expression in hippocampal neurons. Reducing 

Nogo-A protein levels by siRNA, resulted in an increase in GluA1, GluA2 and 

GluN1/GluN2A/GluN2B NMDAR subunits. Besides, down-regulation of Nogo-A had no effect 

on pre-synaptic proteins, like synapsin (Peng et al., 2011), as it is also the case in the results 

of this study for Synapsin 1/2. Here surface GluA2 was not altered after 10 min of Nogo-A 

loss-of-function, contrary to the results of Peng et al., 2011. Plant et al., 2006 showed that 

during hippocampal NMDAR-dependent LTP the GluA2-lacking Ca2+-permeable AMPARs 

are subsequently replaced by GluA2-containing AMPARs. Upon LTP-induction GluA2-

lacking AMPARs are present transiently and being exchanged after ~25 min after LTP 

induction by GluA2-containing AMPARs. Thus, recently potentiated synapses undergo Ca2+ 

influx through the newly inserted Ca2+-permeable AMPARs suggested to be required for the 
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stabilization of LTP (Plant et al., 2006). Furthermore, during early development Ca2+-

permeable, GluA2-lacking AMPARs undergo a switch in modifying their subunit composition 

to incorporate GluA2-containing receptors at mature synapses (Kumar et al., 2002), 

proposing that the appropriate regulation of GluA2 is important for normal brain functions 

during development. In transgenic mice that lack either GluA2 itself or their correct editing 

detrimental phenotypes were found in synaptic function, development, and behavior (Isaac et 

al., 2007). Nogo-A has a prominent role in neuronal develpoment and in limiting plasticity in 

critical periods of development by restricting synaptic AMPAR delivery (Mironova & Giger, 

2013).  

In summary, already 10 min loss-of-function for Nogo-A results in an increased GluA1 

insertion at the postsynaptic site. While GluA2 is suggested to be not affected by Nogo-A 

signaling, the surface AMPAR coposition is assumed to be shifted towards enhanced 

incorporated Ca2+-permeable AMPARs. In this context, Nogo-A is involved in the refinement 

of glutamatergic connections by modulating the AMPAR subunits incorporated at synapses 

therby regulating synaptic transmission.  

 

4.2.2 Nogo-A modulates GABAAR dynamics independently of Gephyrin  

Recently it was shown, that Nogo-A signaling through S1PR2 restricts GABAAR diffusion in 

hippocampal neurons and thereby strengthens inhibitory GABAergic synaptic transmission 

(Fricke et al., 2019). In detail, blocking either the Nogo-A-Δ20 domain or inhibiting its 

receptor S1PR2 resulted in reduced postsynaptic GABAAR clustering. After 10 min loss-of-

function of Nogo-A, live-cell labeling of GABAARs showed a significantly decrease in 

GABAAR cluster density, fluorescence intensity as well as the colocalization density with 

Synapsin 1/2-positive puncta, representing active synapses. Moreover, these effects were 

accompanied by an increase in GABAAR mobility as shown by quantum dot-based single 

particle tracking in primary hippocampal neurons (Fricke et al., 2019). In this study, the 

10 min gain-of-function for S1PR2 displayed enhanced GABAAR incorporation into synaptic 

sites (Figure 15), supporting the previous data on Nogo-A and providing information on its 

signaling in promoting inhibitory synaptic transmission. The amount of synaptic GABAARs 

directly influences the strength of inhibitory synaptic transmission (Moss & Smart, 2001). 

During synaptic plasticity, the number of functional receptors is rapidly changing due to 

endocytosis and exocytosis, as well as by lateral diffusion. These events are regulated by 

neuronal activity and interaction with scaffolding proteins (Choquet & Triller, 2003). Gephyrin 

as a postsynaptic scaffold anchors GABARs and is crucial for receptor immobilization 

followed by stabilization of GABAergic transmission (Maas et al., 2006). In studies 

addressing the role of Gephyrin-GABAAR interaction in vivo, the Gephyrin knock-out mice 
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(geph -/-) revealed a loss of GABAAR clusters containing either the ɣ2 or the α2 subunit in 

hippocampal neurons. Interestingly, western blot analysis and electrophysiological recording 

in geph -/- showed normal levels of functional GABAAR expression and an increased pool 

size of intracellular GABAARs. Thus, GABAAR synthesis appears to be independent of 

Gephyrin gene expression, but the reduction of synaptically localized GABAARs in geph -/- 

indicated the importance of Gephyrin for synaptic localization of GABAARs (Kneussel et al., 

1999). Similarly, mice deficient in the ɣ2 subunit of GABAARs, displayed in parallel a loss in 

synaptic clustering of Gephyrin (Essrich et al., 1998). Based on these observations, the 

effects of an acute Nogo-A loss-of-function on Gephyrin clustering was addressed. After 

10 min Nogo-A function-blocking antibody application, no alteration in Gephyrin clustering 

were observed compared to the control treatment (Figure 17). To confirm this observation 

and to exclude changes in Gephyrin clustering before or after the changes in GABAARs, the 

analysis was repeated 5 min as well as 15 min of blocking Nogo-A (Figure 18). However, no 

effect on Gephyrin clustering could be observed at any of the time points analyzed after 

Nogo-A loss-of-function, indicating a Gephyrin-independent regulation of synaptic GABAAR 

declustering. The Gephyrin-GABAAR interdependence described by Kneussel et al., 1999 

and Essrich et al., 1998 was shown in genetically manipulated mice. Whereas in this study, 

in contrast to the long-term effects observed in genetically manipulated mouse models an 

acute Nogo-A neutralization was followed by a rapid change of GABAARs without alterations 

in Gephyrin. Therefore, it can be assumed, that a fast increase in neuronal activity upon 

neutralizing Nogo-A signaling in mature neurons, either represents a too decent stimulus to 

display changes in Gephyrin or a different cascade is activated to cause GABAAR 

declustering. 

It was recently found, that Gephyrin dispersal is not essential for GABAAR declustering 

during neuronal activity (Niwa et al., 2012). Single-particle tracking of quantum dot labeled-

GABAARs revealed that an activity-dependent decrease in synaptic GABAARs preceded the 

declustering of Gephyrin. Upon changes in neuronal activity, the number of GABAARs can be 

altered within minutes due to the increase in intracellular Ca2+ concentration leading to the 

activation of a Ca2+/calmodulin-activated phosphatase, Calcineurin. Thus GABAARs are 

rapidly dephosphorylated by Calcineurin, which increases their lateral mobility (Bannai et al., 

2009; Luscher et al., 2011; Muir et al., 2010). In this study it has been confirmed, that the 

increased GABAAR dispersal upon Nogo-A neutralization depends upon a rise in intracellular 

Ca2+ levels and the activation of the phosphatase Calcineurin (Figure 20). This revealed a 

Gephyrin-independent pathway, enhancing GABAAR lateral diffusion via their Calcineurin-

dependent dephosphorylation upon acute Nogo-A neutralization.  
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In agreement with the lack of Gephyrin declustering upon fast Nogo-A loss-of-function, is the 

observation that the levels of phosphorylated extracellular signal-regulated kinase (pERK) 

are also not changed. The same cohort of neurons analyzed for Gephyrin clustering was co-

labeled with pERK and showed no changes in phosphorylation of ERK after 10 min of 

antibody-mediated Nogo-A neutralization (Figure 19). In a previous study ERK activation was 

shown to be elevated in hippocampal neurons of NgR1 mutants (Raiker et al., 2010). ERK is 

interesting in this context as it phosphorylates Gephyrin at Ser268 to regulate size and 

density of Gephyrin postsynaptic clusters and thereby the amplitude and frequency of 

GABAergic mIPSCs (Tyagarajan et al., 2013). Notably, the alterations in pERK observed so 

far and followed by changes in Gephyrin are based on mutation experiments and not on 

application of acute loss-of-function approaches.  

Erk signaling was shown to have a crucial role in neurodevelopment (Brady et al., 2018). 

Brady et al., 2018 examined ERK signaling as well as GABAergic signaling via GABAARs, in 

newly forming neuronal circuits. They showed, that depolarizing and inhibitory GABAAR 

activity leads to elayed ERK activation, presuming GABAAR signaling to precede ERK 

activation. In experiments on young neurons (DIV 2-5) a rapid activation of ERK within 

minutes was achieved by a GABAAR agonist. On the contrary, in neurons with established 

GABAergic synapses (DIV 13-15), the levels of pERK was unchanged after 5 min GABAAR 

agonist application, but significant increased after 30 min treatment (Brady et al., 2018). 

Possibly, upon acute neutralization of Nogo-A signaling in 21 – 25 DIV old hippocampal 

neurons, pERK is not affected and has consequently no influence on Gephyrin clustering at a 

fast time scale.  

Altogether changes in GABAergic synaptic transmission can occur on a timescale of minutes 

after Nogo-A loss-of-function, due to rapid modifications of GABAAR dynamics at synaptic 

sites. Contrary to the expectation that the increased GABAAR diffusion upon Nogo-A 

neutralization is regulated by ERK activation and Gephyrin declustering, an alternative, 

Gephyrin-independent mechanism seems to regulate GABAAR dynamics downstream of 

Nogo-A signaling.  

4.2.3 Nogo-A signaling modulates GABAAR clustering by modulating the 

activity of Calcineurin 

In this study it was demonstrated, that in hippocampal neurons Nogo-A loss-of-function 

promotes GABAAR declustering, while their scaffold protein Gephyrin remains unaffected. 

Previous studies showed that changes in lateral diffusion dynamics and number of synaptic 

GABAARs, precede Gephyrin declustering upon alterations in neuronal activity (Niwa et al., 

2012) suggesting the existence of a Gephyrin-independent mechanism. Indeed, the 

confinement of GABAARs at synapses can be regulated in an activity-dependent manner, 
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mediated by Ca2+ influx and subsequent activation of the phosphatase Calcineurin. Indeed, 

activation of Calcineurin was shown to enhance GABAAR lateral diffusion via 

dephosphorylation of the Ser327 of the GABAAR ɣ2 subunit (Muir et al., 2010). Upon 

neuronal activity it was revealed, that substantial glutamate release induces GABAAR 

dispersion by Ca2+ influx through NMDARs, followed by Calcineurin activation (Bannai et al., 

2015). Nogo-A loss-of-function modulates Ca2+ dynamics and in parallel enhances GABAAR 

diffusion at a timescale of 10 min (Fricke et al., 2019) suggesting that also in this context the 

Calcineurin-mediated dephosphorylation of the GABAAR ɣ2 subunit may be involved in the 

observed increase in GABAAR lateral mobility. Indeed, blocking Nogo-A while inhibiting 

Calcineurin activity by Cyclosporine A (CysA), prevented the GABAAR dispersal (Figure 20). 

This indicates a function of Calcineurin downstream of Nogo-A signaling in modulating the 

stability of synaptic GABAARs. Accordingly, the phosphorylation at Ser327 of the ɣ2 subunit 

is reduced upon blocking Nogo-A. Also, co-application of Nogo-A blocking antibodies and 

CysA to prevent the activation of Calcineurin, did not affect pSer327 (Figure 22). The 

relevance of Ser327 of the ɣ2 subunit was additionally confirmed by experiments in which a 

mutated ɣ2 subunit Ser327 was exchanged for an alanine to mimic the phosphorylated form 

of the GABAAR. Interestingly, in these experiments the density and area of synaptic clusters 

of the GABAAR α2 subunit was not decreased after 10 min blocking Nogo-A. However the 

fluorescence intensity of live-cell labeled GABAAR α2 was significantly reduced after 10 min 

Nogo-A function blocking antibody application (Figure 23). This is possibly due to the 

GABAAR composition. The most abundant GABAAR subtype in the hippocampus contains 

α1β2ɣ2 subunits counterclockwise arranged ɣ-β-α-β-α when viewed from the synaptic cleft 

(Luscher et al., 2011). Based on the presence of two α2 and only one ɣ2 subunit, the 

sensitivity of live-cell labeling might be enough to display changes in density and area of 

synaptic clusters of the GABAAR ɣ2, but not for the α2 subunit. However, Muir et al., 2010 

explored the dispersal of superecliptic pHluorin tagged GABAAR clusters and observed 

significantly decreased α2SEP-GABAAR cluster intensity after Ca2+ influx through NMDARs. 

Using α2- SEP to report GABAARs in Ser327 intact (γ2-myc) or Ser327 mutated (ɣ2S327A –

 myc) neurons, revealed robust α2SEP-GABAAR diffusion upon increased activation, but co-

expression of ɣ2S327A – myc subunits partially blocked cluster dispersal (Muir et al., 2010). 

These findings support the results of this study showing that a loss-of-function approach for 

Nogo-A activates Calcineurin-mediated dephosphorylation of ɣ2 subunit at Ser327 followed 

by an increased lateral diffusion of GABAARs,which is completely prevented by the co-

application of CysA, a specific Calcineurin inhibitor.  

Calcineurin is activated downstream of the NMDAR-mediated Ca2+ influx and seems to have 

little influence on the stability or intensity of GABAAR clusters under resting conditions (Muir 
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et al., 2010; Wang et al., 2003). Moreover, Calcineurin has been identified not only for 

regulating inhibitory synaptic transmission by dephosphorylation of GABAARs, but also for 

affecting excitatory synaptic transmission. Upon an increase in neuronal activity, Calcineurin 

can dephosphorylate GluA1 at Ser845, which enables GluA1-containing AMPARs to be 

endocytosed leading to a decrease in Ca2+-permeable AMPARs (Esteban et al., 2003; Lee et 

al., 2003). This contributes to a negative feedback mechanism for compensating excessive 

excitation or inhibition of neuronal activity. On the contrary, lower levels of neuronal activity 

have been shown to recruit Ca2+-permeable AMPARs to the plasma membrane by stabilizing 

GluA1 phosphorylation, due to reduced Calcineurin activity (Kim & Ziff, 2014). In the current 

study, AMPAR trafficking to synaptic sites was promoted upon Nogo-A loss-of-function and 

predominantly Ca2+-permeable AMPAR were inserted. Kim & Ziff, 2014 identify Calcineurin 

as an important mediator of homeostatic synaptic plasticity, nevertheless Calcineurin activity 

followed by dephosphorylating GluA1, was observed in genetically manipulated neurons. 

Besides, a reduction in Calcineurin activity by suppression of neuronal activity was detected 

after hours. Taken together the data previously published and those presented here suggest 

that timing or cellular localization of Calcineurin upon 10 min Nogo-A loss-of-function 

possibly prevent its ability to dephosphorylate and regulate the trafficking of GluA1. Whereas, 

a function of Calcineurin downstream of the fast action of Nogo-A signaling regulates 

synaptic localization of GABAARs targeting the phosphorylation site of the ɣ2 subunits. 

 

4.3 Neutralizing Nogo-A signaling affects neuronal activity 

While the role of Nogo-A in regulating activity-dependent synaptic plasticity is well described, 

whether Nogo-A signaling modulates neuronal activity was addressed in this study. It can be 

assumed, that Nogo-A acutely controls neuronal activity in hippocampal pyramidal neurons, 

thereby regulating Ca2+ transients at a fast time scale. Indeed, intracellular Ca2+ plays a key 

role in modulating the phosphorylation and dephosphorylation processes of neurotransmitter 

receptors. Manipulation of Nogo-A/ S1PR2 signaling reveals both changes in Ca2+ signals as 

well as alterations in surface AMPARs and GABAARs. A still open question remains 

regarding the source of Ca2+ increase upon Nogo-A loss-of-function. Increased cytoplasmic 

Ca2+ levels can be due to the influx of external Ca2+ through membrane ion-channels as well 

as to the release of Ca2+ from the internal stores. In this study the source of the elevated 

cytoplasmic Ca2+ could be narrowed down to the extracellular Ca2+.  
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4.3.1 Nogo-A modulates intracellular calcium concentration via influx of 

external calcium 

It was previously shown, in Fricke et al., 2019 as well as confirmed in this study (Figure 14) 

that upon acute loss-of-function for Nogo-A/ S1PR2 signaling the intracellular Ca2+ 

concentration is increased. In particular, in GCaMP5g transfected neurons the amplitude of 

Ca2+ transients was significantly elevated already after 10 min of antibody treatment. 

Furthermore, imaging of Fluo-4 loaded neurons showed a strong rise in intracellular Ca2+ 

levels following a Nogo-A loss-of-function (Fricke et al., 2019). In this study a correlation 

between the increased Ca2+ concentration and the enhanced GABAAR declustering after 

blocking Nogo-A signaling was suggested.  

The Ca2+-dependent phosphatase Calcineurin plays a critical role in mediating the 

downstream effects of Nogo-A regarding the accumulation and trafficking of GABAARs. A 

sustained elevation of cytoplasmic Ca2+ activates Calcineurin, which dephosphorylates the 

ɣ2 subunit at Ser327. Calcineurin has a very high affinity to Ca2+, independently of whether 

the Ca2+ is released from the ER or enters across the plasma membrane (Groenendyk et al., 

2004). Here it was shown, that the increase in Ca2+ transmission after acute Nogo-A 

function-blocking is required for its effect on GABAAR localization at synapses, by co-

application of the Ca2+ chelator EGTA (Figure 24). Based on the observation, that buffering 

the extracellular Ca2+ upon Nogo-A loss-of-function to prevent its influx reduced GABAAR 

lateral diffusion, it was further tested whether blocking intracellular Ca2+ dynamics by BAPTA-

AM affects GABAAR clustering upon Nogo-A signaling. Interestingly, co-application of 

membrane permeable Ca2+ chelator BAPTA-AM did not entirely prevent GABAAR 

declustering (Figure 25). Controversially, while the fluorescence intensity of GABAARs 

remained significantly reduced upon blocking Nogo-A signaling, the cluster density and area 

was not affected in a statistically significant manner. This is possibly due to the Ca2+ binding 

properties of BAPTA-AM and Calcineurin. Calcineurin is activated by nanomolar 

concentrations of Ca2+, binding four molecules of Ca2+, one with high affinity and three with 

affinities in the micromolar range (Kakalis et al., 1995). Even though the presence of BAPTA-

AM prevents intracellular Ca2+ dynamics by clamping free Ca2+, it can still enter via the 

extracellular membrane. By comparing the binding affinity of Calcineurin and BAPTA-AM, it 

can be seen, that Calcineurin binds Ca2+ more efficiently than BAPTA-AM. The binding of 

Ca2+ to Calcineurin measured by flow dialysis showed a biphasic nature of a single high 

affinity site with Kd = 0.024 µM and three lower affinity sites with Kd = 15 µM (Kakalis et al., 

1995). The Kd of BAPTA-type buffers is in a range from Kd = 0.4 µM to about Kd = 0.7 µM 

(Pethig et al., 1989), confirming the greater binding affinity of Calcineurin upon intracellular 

Ca2+ increase. Therefore it can be assumed, that Calcineurin can be activated by Ca2+ influx 
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through the plasma membrane, leading to the remaining significant decrease of GABAAR 

fluorescence intensity upon BAPTA-AM application and Nogo-A loss-of-function. 

Nevertheless, Ca2+ entering the neuron is chelated by BAPTA-AM, reducing the amount of 

biologically active free Ca2+ that might contribute to the unaltered GABAAR cluster density 

and area upon antibody-mediated Nogo-A neutralization.  

In summary, it can be confirmed, that upon acute Nogo-A loss-of-function extracellular Ca2+ 

enters the cell, followed by Calcineurin activation, which dephosphorylates Ser327 of 

GABAARs despite of BAPTA-AM buffering effect.  

The participation of the internal stores in the enhanced intracellular Ca2+ after blocking Nogo-

A signaling was excluded by measuring amplitude and frequency of ER-Ca2+ transmission. 

While upon Nogo-A loss-of-function no alterations were measured in the amount of Ca2+ 

released from the internal stores, the Ca2+ entering the ER showed a clear increase over the 

time (Figure 26). This observation was confirmed, by depleting the ER with CPA co-

application for a total of 5 min. No difference in the amount of Ca2+ released from the ER was 

measured, however the refill after CPA wash-out was significantly faster upon Nogo-A loss-

of-function (Figure 27). This confirms the elevated level of cytoplasmic Ca2+ inducing a faster 

re-entering of Ca2+ into the ER to maintain Ca2+ homeostasis upon increased neuronal 

activity after blocking Nogo-A by a function-blocking antibody. Taken together, manipulating 

Nogo-A signaling leads to elevated cytoplasmic Ca2+ concentration independently from the 

release of Ca2+ from the ER.  

These results are in agreement with the increased influx of Ca2+ transients upon Nogo-A 

loss-of-function, prevented by selective blocking of AMPARs by NBQX (Figure 14), as well 

as with the increase in Ca2+-permeable AMPARs inserted into the plasma membrane (Figure 

13). These findings further strengthen the results on Nogo-A modulating Ca2+ transmission 

by regulating neurotransmitter receptors.  

Nogo-A itself has a putative calcium binding site as part of the N-terminus (Dodd et al., 

2005). Interestingly, the Nogo-A-Δ20 domain is located at the N-terminus (Oertle et al., 

2003), and interacts with the S1PR2 (Kempf et al., 2014) thereby hypothesized to regulate 

Ca2+ (Dodd et al., 2005). Dodd et al., 2005 speculated, that Nogo-A could form a channel or 

transporter, thus regulating Ca2+ dynamics. Furthermore, S1P receptors were shown to play 

a multifaceted role in regulating Ca2+ transmission and modulating intracellular Ca2+ 

homeostasis (Rapizzi et al., 2007). Some metabolites e.g. sphingosine 1-phosphate 2 (S1P2) 

binding to S1PR2 can activate phospholipase C (PLC), which subsequently mobilizes 

intracellular Ca2+ from the IP3 sensitive intracellular Ca2+ stores (Mattie et al., 1994; Pulli et 

al., 2018). In parallel, Nogo-A-Δ20 binding to S1PR2 was suggested to activate a different 

mechanism expanding the signaling repertoire of S1PR2 (Kempf et al., 2014). Notably, in 
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Ca2+-imaging experiments it was shown, that either blocking Nogo-A-Δ20 or S1PR2 resulted 

in a comparable rise in intracellular Ca2+ within the same effect-timing of 10 min (Fricke et al., 

2019). Hypothetically if the regulatory effect on maintaining Ca2+ homeostasis of IP3-released 

Ca2+ from the ER is disrupted by blocking Nogo-A-Δ20 or S1PR2, the compensatory effect of 

the ER is downregulated and leads to less cytoplasmic Ca2+. The resulting depolarization 

might in turn activate Ca2+-permeable ion channels in the plasma membrane to facilitate 

extracellular Ca2+ entry.  

Together these observations indicate a crucial function of S1PR2 in Ca2+ homeostasis under 

physiological conditions and further reveal a S1PR2-mediated inhibition of Ca2+ transmission 

by Nogo-A-Δ20. Blocking either Nogo-A-Δ20 or S1PR2 results in increased Ca2+ dynamics, 

suggested independently of the release from the ER.  

4.3.2 Acute Nogo-A loss-of-function has a downstream effect on sustained 

alterations of neuronal activity 

In neurons, Ca2+ influx trough Ca2+-permeable ion channels in the plasma membrane, leads 

to the activation of a number of immediate-early genes including c-fos (Rosen et al., 1995). 

C-Fos expression is upregulated in response to neuronal activity and in association with 

learning and memory processes (Minatohara et al., 2016). Several lines of evidence, 

including the study of LTP in hippocampal slices (Bliss & Lømo, 1973) indicate the 

requirement of Ca2+ influx in adaptive processes. The present results show a regulative role 

of Nogo-A on Ca2+ dynamics and synaptic transmission. Moreover, Nogo-A signaling affects 

long-term synaptic plasticity by restricting synaptic potentiation (Delekate et al., 2011). The 

long-lasting enhancement of synaptic efficiency requires Ca2+ influx and is thought to trigger 

gene expression, leading to consolidation of synaptic and neuronal changes (Gandolfi et al., 

2017). Whether the acute loss-of-function of Nogo-A signaling through S1PR2 or NgR1 

affects gene expression of c-Fos was examined in this study. In the presence of function-

blocking antibody for Nogo-A-Δ20, c-Fos expression in primary hippocampal neurons was 

significantly increased (Figure 29). The induction of c-Fos expression has been widely used 

as a molecular marker for increased neuronal activation and the following plastic changes 

underlying formation of long-term memory (Minatohara et al., 2016). Therefore, it is 

reasonable to link the elevated Ca2+ levels as well as long-term activity-dependent structural 

rearrangements to the increase in c-Fos expression after acute antibody-mediated 

neutralization of Nogo-A. To further confirm this observation the phosphorylation of cAMP 

response element-binding protein (CREB) was determined upon Nogo-A loss-of-function. 

The Ca2+-dependent phosphorylation of the transcription factor CREB is required to activate 

the Ca2+ response element (CaRE) within the c-fos promoter (Rosen et al., 1995). Alterations 

of CREB functions are associated with long-term synaptic changes and long-term memory 
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(Bito et al., 1996). In this study, the phosphorylation of CREB was significantly enhanced 

after 10 min blocking Nogo-A by a function-blocking antibody (Figure 28). These results are 

in line with the findings of Joset et al., 2010, showing a decreased pCREB level after addition 

of Nogo-A-Δ20. They further assume a mechanistic link between Nogo-A-Δ20 and pCREB, 

based on the internalized Nogo-A-Δ20 and its retrograde transport to the cell body, triggering 

RhoA activation. In detail, they showed that Nogo-A-Δ20 is taken up by dorsal root ganglion 

(DRG) neurons forming Nogo-A signaling endosomes, which are subsequently transported 

from the neurites to the soma to negatively regulate the neuronal growth program (Joset et 

al., 2010).  

CREB-mediated gene expression was further shown to require Calcineurin activity, which is 

one of the downstream effectors of Ca2+ signals. As shown here, Calcineurin can 

dephosphorylate GABAARs followed by decreased GABAergic synaptic transmission after 

acute Nogo-A loss-of-function. Recent work revealed the positive effect of Calcineurin on 

CREB-dependent gene expression (Lam et al., 2009). It was reported, that CREB 

coactivator, transducers of regulated CREB activity (TORCs) is predominantly translocated 

from the cytoplasm to the nucleus after dephosphorylation by Calcineurin (Screaton et al., 

2004). The downstream activation of Calcineurin after acute neutralization of Nogo-A 

suggests the involvement of Calcineurin in CREB-mediated c-Fos expression. 

The observed c-Fos and pCREB expression observed in this study, was significantly 

increased upon 10 min antibody-mediated neutralization of Nogo-A-Δ20, while blocking 

S1PR2 by JTE-013 application revealed no alterations. Notably, blocking S1PR2 has a 

comparable effect size on Ca2+ dynamics as an acute loss-of-function for Nogo-A, indicating 

a similar Ca2+ response. It can be speculated, that JTE-013, as pharmacological blocker 

eventually contains or triggers phosphatases, which prevent Ca2+-mediated phosphorylation 

of CREB and thereby inhibit c-Fos expression. Furthermore, no changes in c-Fos and 

pCREB were observed upon blocking on NgR1 via antibody application. Although NgR1 

signaling has been reported to influence neurite outgrowth and memory function, there was 

no increase in Ca2+ transmission measured after acute neutralization of NgR1. Though, in 

the presence of function-blocking antibody against NgR1, LTP was significantly increased 

(Delekate et al., 2011). Furthermore, NgR1 is involved in regulating dendritic spine 

morphology and activity-dependent synaptic strength (Lee et al., 2008). Because of this 

causal relationship of synaptic plasticity and immediate-early gene expression, a role of c-

Fos after NgR1 loss-of-function can be assumed. Interestingly, after a 2 hour treatment with 

NgR1 blocking antibody, the c-Fos expression was increased, although not significant 

(Figure 30). This suggests that the two Nogo-A inhibitory domains may limit activity-

dependent synaptic plasticity with different aspects of downstream signaling pathways.  
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Taken together the results of this study show an increased activation of neuronal activity 

markers such as pCREB and c-FOS upon acute antibody-mediated blocking of Nogo-A-Δ20. 

The NgR1 pathway is suggested to regulate neuronal activation on a slower time course, 

supported by the unaffected Ca2+ transmission upon NgR1 blockage.  

 

4.4 S1PR2 and NgR1 regulate different aspects of excitatory and 

inhibitory synaptic transmission  

Nogo-A is known to restrict plasticity, modulate spine architecture and regulate synaptic 

function through its cognate receptors NgR1 and S1PR2 (Delekate et al., 2011; Kempf et al., 

2014; Schwab, 2010; Zagrebelsky et al., 2017). Nogo-A signaling typically activates the 

actin-modulating small GTPase RhoA and the Rho-associated protein kinase, which are 

involved in cell adhesion, cell spreading and neurite outgrowth (Kempf et al., 2017; 

Zagrebelsky & Korte, 2014). Nogo-A signaling via both S1PR2 and NgR1 activate the actin-

modifying pathway resulting in growth cone collapse and inhibition of axonal regeneration 

(Chivatakarn et al., 2007; Fournier et al., 2001; Joset et al., 2010). Furthermore, both 

receptors are involved in mediating the effect of Nogo-A on modulating activity-dependent 

synaptic plasticity. Nevertheless, upon acute loss-of-function, the fast regulation of synaptic 

transmission is predominantly mediated by S1PR2, as recently published in Fricke et al., 

2019 and in this study.   

While neutralization of Nogo-A-Δ20 and inhibition of S1PR2 resulted in a comparable effect 

in the amplitude of mEPSCs and mIPSCs as well as in in Ca2+ dynamics and GABAAR 

declustering, a similar loss-of-function approach for NgR1 led to no alterations in these 

parameters. Since Ca2+ influx plays a key role in modulating AMPAR and GABAAR trafficking 

and their postsynaptic confinement, it can be hypothesized, that the inability of NgR1 of 

regulating Ca2+ dynamics underlies the lack of regulation of AMPARs and GABAARs. On the 

other hand, NgR1 has been shown to regulate the synaptic localization of neurotransmitter 

receptors. In particular, in vivo two-photon microscopy revealed more AMPARs present on 

the postsynaptic surface in the adult barrel cortex of NgR1-deficient compared to wild-type 

(WT) mice (Jitsuki et al., 2016). Moreover, reducing NgR1 protein with a specific siRNA 

resulted in increased GluA1/GluA2 AMPAR and GluN1/GluN2A/GluN2B NMDA glutamate 

receptor subunits (Peng et al., 2011). In addition, Nogo-A/ NgR1 signaling also affects 

inhibitory synaptic transmission, shown by knock-down of NgR1 by siRNA. NgR1-silencing 

increased the levels of the metabotropic GABABR1 and GABABR2 protein levels at the 

plasma membrane without altering the expression of GABAARs (Murthy et al., 2013). 
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Interestingly, the effects on NgR1 described so far on the regulation of AMPARs and 

GABARs arise after a long-lasting absence or downregulation of NgR1. On the other hand, 

acute manipulation of Nogo-A/ NgR1 signaling has been shown to modulate synaptic 

strength. For instance, NgR1 was reported to restrict LTP (Delekate et al., 2011), which is 

characterized by enhanced AMPARs occurring at synaptic spines. Compatible results were 

observed in gain-of-function experiments, where acute application of Nogo-66 led to 

significant suppression of LTP (Raiker et al., 2010; Iobbi et al., 2016). Thus, while the role of 

NgR1 as negative regulator of activity-dependent synaptic plasticity is established, no 

changes were observed in synaptic transmission monitored by mEPSCs (Figure 11) and 

mIPSCs (Fricke et al., 2019) within 20 min. By following the same time course of LTP 

experiments using NgR1 function-blocking antibody, an increase in neuronal activity marker 

c-Fos expression (Figure 30) occurred, while c-Fos was not affected after 10 min NgR1 

antibody application (Figure 29). This observation indicates a timing specific difference of 

S1PR2 and NgR1 activation.  

Nogo-A signaling through S1PR2 and NgR1 is associated with RhoA activation which has a 

prevalent role in initiating actin organization (Zagrebelsky & Korte, 2014), shown to be 

involved in regulating the amount of postsynaptic neurotransmitter receptors (Hanley, 2014). 

Based on the unaltered glutamatergic mEPSC and GABAergic mIPSCs as well as GABAAR 

diffusion after acute loss-of-function for NgR1 (Fricke et al., 2019), an alternative mechanism 

for AMPAR and GABAAR mobility upon Nogo-A/ S1PR2 signaling can be suggested.  

Direct phosphorylation events of AMPARs and dephosphorylation of GABAARs can cause 

receptor trafficking and thereby change synaptic transmission. Especially the alterations in 

GABAAR clustering where shown to be Ca2+-dependent upon Nogo-A signaling. The delayed 

time course in which NgR1 blockage affects synaptic transmission is speculated to result 

from its incapacity on modulating Ca2+ dynamics. Because RhoA is activated by both Nogo-

A/ S1PR2 and Nogo-66/ NgR1 signaling, S1PR2 signaling might compensate the loss-of-

function of NgR1 and leads to a delay in neurotransmitter receptor regulation. 

Taken together, it can be suggested, that Nogo-A/ S1PR2 signaling regulates neuronal 

activity at a fast time scale by modulating intracellular Ca2+ dynamics. Within minutes of a 

Nogo-A/ S1PR2 loss-of-function, the amount of surface clustered GABAARs is increased in a 

Ca2+-dependent manner. Nogo-A signaling through NgR1 seems to modulate synaptic 

transmission at a slower time course compared to S1PR2.  
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4.5 Conclusion and Outlook 

The present study could show, that Nogo-A and its specific receptor S1PR2 are involved in 

regulating excitatory and inhibitory signal transmission in a bidirectional manner acting at a 

fast time scale. Specifically, Nogo-A signaling through S1PR2 modulates the level of synaptic 

AMPAR GluA1 and GABAARs. Upon Nogo-A loss-of-function GluA1 is recruited to the 

postsynaptic membrane, while the density of inserted GluA2 subunit remains unaltered. The 

lack of GluA2 containing AMPARs present on the post-synapse can potentially lead to the 

generation of Ca2+-permeable AMPARs. By measuring Ca2+ dynamics upon acute antibody-

mediated blocking of Nogo-A, an AMPAR-dependent rise in Ca2+ transients was determined. 

While the data so far show an AMPAR-dependent increase in Ca2+ influx, a role of NMDAR 

cannot be excluded. To that purpose the role of Ca2+-permeable AMPARs and NMDARs 

should be specified.  

NMDARs are the predominant source of synaptic Ca2+ signals (Müller, 1991) and can be 

activated by changes in postsynaptic membrane potential provided by AMPARs. Whole-cell 

patch clamp experiments and Ca2+ imaging using receptor-specific blockers should be used 

to differentiate the involvement of Ca2+-permeable AMPARs and NMDARs. For this reason a 

specific antagonist for Ca2+-permeable AMPARs such as Naphthyl-acetyl-spermine-

trihydrochloride (Naspm), or the selective NMDAR antagonist Amino-5-phosphonopentanoic 

acid (AP5) can be used. A similar approach should also be used to assess whether the 

increase in glutamatergic mEPSC amplitude after Nogo-A neutralization is specifically 

AMPAR-mediated. In the study of Sutton et al., 2006, the role of Ca2+-permeable AMPARs 

as inducers of plasticity was examined. In a whole-cell patch clamp configuration AP5 was 

applied to specifically show AMPAR-mediated mEPSCs. Additionally the replacement of 

GluA2-lacking Ca2+-permeable AMPARs with GluA2-containing AMPARs was observed by 

coapplication of Naspm. In this study, potentiated AMPAR-mediated mEPSCs were 

prominently suppressed by Naspm (Sutton et al., 2006). To combine Ca2+-imaging an patch-

clamp techniques with specific glutamate receptor blocking strategies would allow to 

describe the specific roles of NMDARs and AMPARs upon Nogo-A/ S1PR2 loss-of-function. 

Moreover, NMDAR-mediated Ca2+ influx primarily regulates activity-dependent GABAergic 

inhibition (Bannai et al., 2015). In this study, the requirement of Ca2+ transients that activate 

Calcineurin-mediated dephosphorylation of the γ2 subunit of GABAARs, was shown to result 

in increased GABAAR diffusion rate. The requirement for NMDAR in the rise in Ca2+ levels 

after Nogo-A loss-of-function could be examined by GABAAR live-cell labeling upon 

additionally blocking NMDAR by e.g. AP5.  

In this study, the signaling downstream of the effect of Nogo-A on GABAARs synaptic 

localization has been described. Nevertheless, how Nogo-A restricts AMPAR insertion at a 
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fast timescale remains unsolved. AMPAR trafficking in and out of the cytoplasmic membrane 

through endocytosis and exocytosis takes place in tens of minutes (Ehlers, 2000; Passafaro 

et al., 2001). Though, AMPARs can rapidly diffuse along the membrane surface between 

synaptic and extrasynaptic site in a range of seconds (Bats et al., 2007; Tardin et al., 2003; 

Ehlers, 2007). By individually tracking GluA1 and GluA2 single quantum dots or organic dyes 

could be used (Heine et al., 2008), to provide an insight into AMPAR dynamics upon Nogo-A 

loss-of-function. Quantum dot or live-cell labeled GluA1 and GluA2 could help to further 

assess the downstream cascade mediated by Nogo-A signaling on excitatory synaptic 

transmission. Fast occurring alterations in AMPAR incorporation are regulated by cAMP-

dependent protein kinase (PKA) phosphorylation and the activity of CaMKII. CaMKII can 

directly phosphorylate GluA1 at Ser831, followed by enhanced AMPAR conductance (Benke 

et al., 1998). However, while CaMKII phosphorylates AMPARs and has a causal role in LTP 

induction, it is suggested not to be required for AMPAR trafficking (Hayashi et al., 2000). 

Moreover, phosphorylation of the serine residue Ser845 by PKA has been shown to promote 

channel opening probability and regulate GluA1 surface expression (Oh et al., 2006).To 

further investigate the role of PKA and CaMKII in fast AMPAR regulating mediated by Nogo-

A signaling, pharmacological manipulations together with site-directed mutagenesis of the 

corresponding phosphorylation sites can be performed.  

Regarding the effect of Nogo-A signaling on AMPARs it would be interesting to further 

address a possible role of NgR1 in regulating AMPAR trafficking at a fast time scale. Nogo-

66/ NgR1 signaling was shown to affect the maintenance of LTP by modulating actin 

dynamics (Iobbi et al., 2016). LTP is associated with a fast reorganization of the actin 

cytoskeleton within spines (Rudy, 2014), induced by an increase in actin depolymerization, 

which allows trafficking of AMPARs (Gu et al., 2010). On the one hand it was shown, that 

acute antibody-mediated blocking of NgR1 has no effect on mEPSCs as well as Ca2+ 

dynamics recorded for 30-40 min, on the other hand upon 1 hour NgR1 neutralization and 

LTP induction, the maintenance of LTP was significantly increased. To test whether Nogo-

66/ NgR1 signaling affects excitatory synaptic strength at a slower scale than S1PR2, a time-

lapse imaging to monitor AMPARs could be performed upon NgR1 loss-of-function. In 

Kellner et al., 2016, AMPAR insertion at dendritic spines was tested upon Nogo-A 

neutralization by expressing super-ecliptic pHluorin fused to the N-terminus of the AMPAR 

subunit GluA1 (SEP-GluA1, Miesenböck et al., 1998). In addition to live-cell imaging, the 

level of GluA1 can be determined in synaptosome preparation from hippocampal acute slices 

incubated with NgR1 function-blocking antibody for different times.  

To gain further insight into the activation of NgR1, SEP-GluA1 fluorescence levels and the 

number of AMPAR clusters could be measured upon cLTP induction in neurons treated with 
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NgR1 blocking antibodies (Kellner et al., 2016). Another possible reason for NgR1 not 

affecting spontaneous mEPSCs as well as Ca2+ dynamics could be a neuronal-activity 

dependent activation. In NgR1 gain-of-function LTP measurements, Nogo-66 was locally 

applied 45 min before LTP induction, suggesting that the ability of NgR1 signaling of 

influencing synaptic transmission at a fast time scale requires increase neuronal activity  

(Lee et al., 2008). To support this idea, mEPSCs and Ca2+ dynamics could be recorded after 

10 min NgR1 function-blocking antibody neutralization upon cLTP induction. However in this 

present study, NgR1 increased the expression of c-Fos after 2 hours NgR1 antibody 

application, without additional stimulation. To further test for a role of NgR1 in regulating 

neuronal activity, pCREB expression could be observed after NgR1 neutralization at specific 

time points. Alterations in pCREB expression could be visualized by immunofluorescence or 

western blot in a range of minutes after treatment with NgR1 antibody to determine the time 

course of the NgR1 downstream effects. CREB is established as a memory associated 

marker and was shown to be activated in a NgR1-dependent manner (Yoon et al., 2018). In 

experiments using an Alzheimer’s disease mouse model, the inhibition of NgR1 was shown 

to change the expression and activation of CREB.  

Several lines of evidence indicated that Nogo-A and NgR1 signaling have a crucial function 

in learning and memory (Karlsson et al., 2016; Zagrebelsky et al., 2017). During the 

formation of long-term memory neurons undergo plastic changes in response to neuronal 

activity, detectable by changes in immediate-early gene and CREB expression (Kandel, 

2012; Minatohara et al., 2016). In detail, behavioral tasks including Morris water maze, novel 

environment exposure, and contextual fear conditioning induce immediate-early gene 

expression in neurons during hippocampal-dependent learning (Guzowski et al., 1999, 2001; 

Vann et al., 2000; Hall et al., 2001; Ramirez-Amaya et al., 2005; Mamiya et al., 2009). 

Especially in recent years, fear conditioning studies revealed that, during learning, 

immediate-early gene-positive neurons encode and store information that is required for 

memory recall (Minatohara et al., 2016). Interestingly, Bhagat et al., 2016 examined that 

endogenous NgR1 expression maintains fear memories in adults. Blockage of Nogo-A or 

NgR1 led to robust extinction-dependent elimination of the conditioned fear response 

(Bhagat et al., 2016). They demonstrated, that Nogo-A and NgR1 have a critical role in long-

term loss of fear expression. Based on the experiments of Bhagat et al., 2016 performing 

fear conditioning with Nogo-/- mice, the role of Nogo-A in memory formation could be 

addressed in more detail. Here Nogo-A/ S1PR2 signaling was shown to have a fast effect on 

pCREB and immediate-early gene expression, which were shown to be enhanced in 

conditioned fear memory (Yiu et al., 2011). Neurons that are active at the same time during 

learning of a new task (engram encoding) are important for memory recall resulting from the 
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reactivation of the engram (Josselyn & Frankland, 2018). By visualizing pCREB and 

immediate-early gene expression in Nogo-/- mice after fear conditioning, can help to 

determine a possible ability of Nogo-A signaling to regulate which and how many neurons 

get recruited in the engram. Thus a potential subset of neurons that is involved in memory 

formation upon Nogo-A signaling could be revealed. Bhagat et al., 2016 identified PV-

expressing interneurons as essential in limiting fear extinction. Removing NgR1 specifically 

from PV-positive neurons was shown to be sufficient to permanently diminish the fear 

response. With respect to the present study the involvement of PV-positive neurons would be 

interesting to address, because of their regulating role in neuronal activity (Rudy et al., 2011). 

The publication of Zagrebelsky et al., 2017 showed, that Nogo-A is highly expressed in 

excitatory but also in inhibitory PV-positive neurons in the adult hippocampus. In this regard 

fear conditioning could be performed in conditional knockout mice were Nogo-A is deleted in 

PV-positive inhibitory interneurons or CaMKII-expressing excitatory pyramidal neurons. 

Furthermore, it would be interesting to identify the neuronal cell-type-specific activity of 

Nogo-A in regulating synaptic transmission. In a whole-cell patch clamp condition, the 

patched neurons could be biocytin-filled (Swietek et al., 2016). Here it was shown, that 

simultaneously recording mEPSC and mIPSC amplitude of the same neuron had an effect 

on either GABAergic or glutamatergic postsynaptic currents upon acute Nogo-A loss-of-

function. To determine the role of PV-positive inhibitory interneurons and CaMKII-expressing 

excitatory pyramidal neurons, the biocytin-filled neurons could be identified.  

Finally, the role of other Nogo-A-∆20 receptors in mediating its effects on synaptic 

transmission should be addressed. Nogo-A-∆20-induced inhibition can act independently of 

S1PR2 via Heparan sulfate proteoglycans (HSPGs, Kempf et al., 2017). Kempf et al., 2017 

revealed a mechanism by which Nogo-A-∆20 affects cytoskeletal dynamics by interacting 

with HSPGs mediating the downstream RhoA signaling. In order to gain more insight into 

Nogo-A-∆20-specific signaling, the involvement of HSPGs in regulating Ca2+ dynamics  coud 

be assessed by Ca2+ imaging in HSPG-deficient cells and concurrently manipulating Nogo-A-

∆20 signaling. This could help to determine whether Nogo-A/ S1PR2 signaling is exclusivly 

involved in regulating Ca2+ transients and synaptic transmission. 
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Table 1: Related to Figure 8; Normalized amplitude of mEPSCs and mIPSCs upon Nogo-A 
loss-of-function 

 mEPSC amplitude mIPSC amplitude 

n = 14 Ctrl Ab Nogo-A Ab  Ctrl Ab Nogo-A Ab  

Time 
(min) 

Mean 
(%) 

SEM 
Mean 
(%) 

SEM t-test 
Mean 
(%) 

SEM 
Mean 
(%) 

SEM t-test 

0 0.000 0.000 0.000 0.000  0.000 0.000 0.000 0.000  

5 -1.392 0.025 9.361 0.038 0.020* 1.362 0.019 -6.854 0.016 0.002** 

10 -0.845 0.039 6.072 0.040 0.207 -0.561 0.013 -8.520 0.011 0.000*** 
List of the Mean (%) and standard error of the mean (SEM); values are normalized to the first time 
point before treatment; Data were statistically analyzed via 2-way-ANOVA (mEPSC amplitude: 
ANOVA treatment, p < 0.05, F1,28 = 4.366; mIPSC amplitude: ANOVA treatment, p < 0.001, 
F1,28 = 18.040); according to the between-subject-effects an unpaired T-test was performed to 
compare the significant conditions 

 
Table 2: Related to Figure 9; Normalized Ratio for mIPSC and mEPSC amplitude upon 
Nogo-A loss-of-function 

 Ratio mIPSC / mEPSC  

n = 14 Ctrl Ab Nogo-A Ab  

Time 
(min) 

Mean 
(%) 

SEM 
Mean 
(%) 

SEM t-test 

0 0.000 0.000 0.000 0.000  

5 2.592 0.027 -13.865 0.038 0.002** 

10 1.068 0.036 -12.847 0.035 0.010 * 
List of the Mean (%) and standard error of the mean (SEM); values are normalized to the first time 
point before treatment; Data were statistically analyzed via 2-way-ANOVA (ANOVA treatment, 
p < 0.05, F1,28 = 5.337); according to the between-subject-effects an unpaired T-test was performed to 
compare the significant conditions 

 
Table 3: Related to Figure 10; Normalized amplitude of mEPSCs and mIPSCs upon Nogo-
A loss-of-function for each recorded neuron 

 Amplitude of mEPSCs and mIPSCs 

 Ctrl Ab    n = 14 Nogo-A Ab   n = 14 

 0 min 5 min 10 min 0 min 5 min 10 min 

  EPSC IPSC EPSC IPSC  IPSC EPSC IPSC EPSC 

# 1 0,00 3,70 -1,23 5,74 -0,58 0,00 20,44 -1,69 10,68 -4,11 

# 2 0,00 -18,29 3,26 -16,65 1,43 0,00 2,45 -6,50 -2,61 -11,21 

# 3 0,00 14,79 13,05 3,02 -1,22 0,00 19,55 -8,11 9,92 -9,18 

# 4 0,00 -6,97 -5,11 -10,07 -7,31 0,00 -10,25 -16,86 -9,14 -14,23 

# 5 0,00 -4,55 -4,28 -13,40 -1,58 0,00 -0,97 -7,91 -7,37 -9,88 

# 6 0,00 1,08 -0,17 -0,11 -5,68 0,00 -3,54 -6,00 -2,10 -2,90 

# 7 0,00 12,05 -3,28 4,44 -6,74 0,00 14,82 -8,24 43,83 -3,35 

# 8 0,00 -10,59 2,87 -9,27 5,56 0,00 22,12 1,19 4,88 -2,32 

# 9 0,00 0,10 -3,60 -2,70 -1,38 0,00 32,32 2,44 10,42 -5,29 

# 10 0,00 -5,42 2,93 -6,57 -4,50 0,00 -2,41 -5,91 -0,09 -8,31 

# 11 0,00 1,72 -6,92 -0,50 -2,05 0,00 15,30 -13,32 0,85 -10,25 

# 12 0,00 -2,23 3,16 42,67 3,04 0,00 2,27 -7,28 7,73 -11,35 

# 13 0,00 8,03 19,45 3,61 5,65 0,00 -4,73 -12,29 -4,19 -21,71 

# 14 0,00 -12,91 -1,05 -12,06 7,52 0,00 23,70 -5,48 22,20 -5,19 
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List of the Mean (%) and standard error of the mean (SEM); values are normalized to the first time 
point before treatment 

 

Table 4: Related to Figure 11; Normalized amplitude and frequency of mEPSCs upon either 
S1PR2 loss-of-function, or NgR1 loss-of-function and the respective controls 

 mEPSC amplitude mEPSC frequency 

n = 14 DMSO Ctrl JTE-013  DMSO Ctrl JTE-013 

Time 
(min) 

Mean 
(%) 

SEM 
Mean 
(%) 

SEM 
Unpaired 

t-test 
Mean 
(%) 

SEM 
Mean 
(%) 

SEM 

0 0.000 0.000 0.000 0.000  0.000 0.000 0.000 0.000 

5 -5.005 0.109 15.361 0.322 0.025 * -2.768 0.556 2.571 0.537 

10 -4.137 0.099 7.203 0.143 0.029 * -5.426 0.439 -8.069 0.573 

15 -5.147 0.141 1.023 0.196 0.293 -12.915 0.506 -11.074 0.603 

20 -2.582 0.193 -0.866 0.158 0.848 -12.767 0.485 -11.696 0.777 

n = 16 Ctrl Ab NgR1 Ab  Ctrl-Ab NgR1 Ab 

Time 
(min) 

Mean 
(%) 

SEM 
Mean 
(%) 

SEM  
Mean 
(%) 

SEM 
Mean 
(%) 

SEM 

0 0.000 0.000 0.000 0.000  0.000 0.000 0.000 0.000 

5 -6.318 0.176 -3.178 0.176  5.318 0.314 2.806 0.335 

10 -4.743 0.187 -6.965 0.169  4.103 0.411 -5.156 0.478 

15 -6.176 0.169 -5.704 0.152  6.390 0.709 -6.106 0.392 

20 -7.103 0.122 -4.618 0.271  -1.458 0.520 -3.909 0.462 
List of the Mean (%) and standard error of the mean (SEM); values are normalized to the first time 
point before treatment; Data were statistically analyzed via 2-way-ANOVA (ANOVA treatment, 
p < 0.05, F1,27 = 7.037); according to the between-subject-effects an unpaired T-test was performed to 
compare the significant conditions 
 

Table 5: Related to Figure 12; Normalized data for AMPA GluA1 and synapsin (Syn 1/2) 
density, fluorescence intensity and puncta area treated with either Nogo-A function-blocking 
antibody (n = 39) or control antibody (n = 40) for 10 min.  

 Density Intensity Area 

AMPA GluA1 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Ctrl Ab 1.000 0.040 
0.022* 

1.000 0.051 
0.112 

1.000 0.035 
0.024* 

Nogo-A Ab 1.135 0.042 1.118 0.053 1.099 0.025 

Syn 1/2 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Ctrl Ab 1.000 0.028 
0.052 

1.000 0.051 
0.717 

1.000 0.026 
0.344 

Nogo-A Ab 1.077 0.028 0.976 0.040 1.034 0.025 

Coloc. Mean SEM t-test    Mean SEM t-test 

Ctrl Ab 1.000 0.040 
0.039* 

   1.000 0.076 
0.062 

Nogo-A Ab 1.114 0.037    1.199 0.073 
List of the Mean and standard error of the mean (SEM); single values are normalized to the averaged 
Control (Ctrl Ab) condition; Data were statistically analyzed via an unpaired T-test. 
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Table 6: Related to Figure 13; Normalized data for AMPA GluA2 and synapsin (Syn 1/2) 
density, fluorescence intensity and puncta area treated with either Nogo-A function-blocking 
antibody (n = ) or control antibody (n = ) for 10 min.  

 Density Intensity Area 
AMPA GluA2 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Ctrl Ab 1.000 0.068 
0.777 

1.000 0.062 
0.178 

1.000 0.044 
0.665 

Nogo-A Ab 0.971 0.077 1.159 0.100 1.029 0.050 

Syn 1/2 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Ctrl Ab 1.000 0.037 
0.996 

1.000 0.045 
0.336 

1.000 0.026 
0.081 

Nogo-A Ab 1.000 0.033 1.063 0.047 1.076 0.035 
List of the Mean and standard error of the mean (SEM); single values are normalized to the averaged 
Control (Ctrl Ab) condition; Data were statistically analyzed via an unpaired T-test. 
 

Table 7: Related to Figure 14; Normalized amplitude and frequency of Ca2+ transients upon 
Nogo-A loss-of-function. 

 amplitude of Ca2+ transients 

n = 7 Ctrl Ab   n = 6 Nogo-A Ab   n = 7 

Time 
(min) 

Mean 
(%) 

SEM 
paired 
t-test 

Mean 
(%) 

SEM 
paired 
t-test 

0 100.000 0.077  100.000 0.244  

10 86.064 0.112 0.169 305.388 0.851 0.051 

20 29.429 0.068 0.000*** 28.883 0.088 0.047* 

30 63.918 0.300 0.189 48.193 0.136 0.122 

40 68.316 0.247 0.158 66.590 0.148 0.307 

 frequency of Ca2+ transients 

 Ctrl Ab    n = 6 Nogo-A Ab   n = 7 

Time 
(min) 

Mean 
(%) 

SEM 
paired 
t-test 

Mean 
(%) 

SEM 
paired 
t-test 

0 100.000 0.022  100.000 0.132  

10 115.840 0.177 0.403 140.411 0.400 0.196 

20 17.452 0.031 0.000*** 46.104 0.243 0.006** 

30 27.943 0.094 0.001*** 32.835 0.164 0.000*** 

40 25.580 0.044 0.000*** 42.353 0.101 0.000*** 
List of the Mean (%) and standard error of the mean (SEM); values are normalized to the first time 
point before treatment; Data were statistically analyzed via 2-way-ANOVA (amplitude ANOVA time 
point, p < 0.01, F1,6 = 7.821; frequency ANOVA time point, p < 0.01, F1, 6 = 33.050); according to the 
within-subject-effects a paired T-test was performed to compare the significant time points 
 

Table 8: Related to Figure 15; Normalized data for GABAAR ɣ2 and synapsin (Syn 1/2) 
density, fluorescence intensity and puncta area treated with either ∆20 inhibitory peptide 
(n = 33) or the boiled ∆20 peptide as control (n = 32) for 10 min.  

 Density Intensity Area 
GABAAR ɣ2 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Boiled-∆20 1.000 0.057 
0.037* 

1.000 0.064 0.006 
** 

1.000 0.039 
0.025* 

∆20-Peptide 1.128 0.054 1.272 0.071 1.124 0.038 

Syn 1/2 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Boiled-∆20 1.000 0.018 
0.382 

1.000 0.035 
0.873 

1.000 0.024 
0.809 

∆20-Peptide 0.970 0.029 1.010 0.053 1.011 0.038 

Coloc. Mean SEM t-test    Mean SEM t-test 

Boiled-∆20 1.000 0.062 
0.170 

   1.000 0.045 
0.790 

∆20-Peptide 1.123 0.063    1.016 0.039 
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List of the Mean and standard error of the mean (SEM); single values are normalized to the averaged 
boiled ∆20 peptide as control condition; Data were statistically analyzed via an unpaired T-test. 
 

Table 9: Related to Figure 16; Normalized data for GABAAR ɣ2 and synapsin (Syn 1/2) 
density, fluorescence intensity and puncta area treated with either NgR1 P4 peptide (n = 30) 
or the boiled P4 peptide as control (n = 30). 

 Density Intensity Area 
GABAAR ɣ2 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Boiled-P4 1.000 0.056 
0.428 

1.000 0.070 
0.486 

1.000 0.047 
0.675 

P4-Peptide 1.066 0.061 1.071 0.074 1.027 0.044 

Syn 1/2 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Boiled-P4 1.000 0.025 
0.484 

1.000 0.034 
0.053 

1.000 0.022 
0.095 

P4-Peptide 1.028 0.031 0.895 0.041 0.944 0.025 

Coloc. Mean SEM t-test    Mean SEM t-test 

Boiled-P4 1.000 0.056 
0.796 

   1.000 0.035 
0.339 

P4-Peptide 0.978 0.062    0.945 0.045 
List of the Mean and standard error of the mean (SEM); single values are normalized to the averaged 
boiled P4 peptide as control condition; Data were statistically analyzed via an unpaired T-test. 
 

Table 10: Related to Figure 17; Normalized data for gephyrin and synapsin (Syn 1/2) 
density, fluorescence intensity and puncta area treated with either Nogo-A function-blocking 
antibody (n = 65) or control antibody (n = 63) for 10 min.  

 Density Intensity Area 

Gephyrin Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Ctrl Ab 1.000 0.055 
0.346 

1.000 0.054 
0.214 

1.000 0.033 
0.130 

Nogo-A Ab 0.928 0.054 0.906 0.052 0.920 0.041 

Syn 1/2 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Ctrl Ab 1.000 0.027 
0.759 

1.000 0.034 
0.460 

1.000 0.034 
0.939 

Nogo-A Ab 1.011 0.025 0.964 0.034 0.997 0.035 

Coloc. Mean SEM t-test       

Ctrl Ab 1.000 0.060 
0.223 

     
 

Nogo-A Ab 0.900 0.054      
List of the Mean and standard error of the mean (SEM); single values are normalized to the averaged 
Control (Ctrl Ab) condition; Data were statistically analyzed via an unpaired T-test. 
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Table 11: Related to Figure 18; Normalized data for gephyrin and synapsin (Syn 1/2) 
density, fluorescence intensity and puncta area treated with either Nogo-A function-blocking 
antibody or control antibody for 5 min (Ctrl Ab n = 28; Nogo-A Ab n = 28), 10 min (Ctrl Ab 
n = 30; Nogo-A Ab n = 30) or 15 min (Ctrl Ab n = 30; Nogo-A Ab n = 29) 

 Density 5 min Density 10 min Density 15 min 

Gephyrin Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Ctrl Ab 1.000 0.040 
0.218 

1.000 0.052 
0.647 

1.000 0.045 
0.729 

Nogo-A Ab 0.919 0.051 1.034 0.054 1.026 0.061 

 Intensity 5 min Intensity 10 min Intensity 15 min 

 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Ctrl Ab 1.000 0.051 
0.200 

1.000 0.073 
0.299 

1.000 0.051 
0.220 

Nogo-A Ab 1.112 0.070 0.909 0.047 1.090 0.051 

 Area 5 min Area 10 min Area 15 min 

 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Ctrl Ab 1.000 0.034 
0.311 

1.000 0.045 
0.150 

1.000 0.034 
0.213 

Nogo-A Ab 1.057 0.044 0.924 0.026 1.065 0.039 

Syn 1/2 Density 5 min Density 10 min Density 15 min 

 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Ctrl Ab 1.000 0.040 
0.293 

1.000 0.041 
0.983 

1.000 0.034 
0.053 

Nogo-A Ab 0.943 0.036 1.001 0.041 0.894 0.030 

 Intensity 5 min Intensity 10 min Intensity 15 min 

 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Ctrl Ab 1.000 0.054 
0.390 

1.000 0.039 
0.485 

1.000 0.036 
0.110 

Nogo-A Ab 0.942 0.041 1.044 0.044 1.084 0.038 

 Area 5 min Area 10 min Area 15 min 

 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Ctrl Ab 1.000 0.041 
0.204 

1.000 0.041 
0.066 

1.000 0.031 
0.527 

Nogo-A Ab 0.926 0.040 1.095 0.029 1.027 0.030 
List of the Mean and standard error of the mean (SEM); single values are normalized to the averaged 
Control (Ctrl Ab) condition; Data were statistically analyzed via an unpaired T-test. 
 

Table 12: Related to Figure 19; Normalized data for pERK positive neurons (n = 14) and 
correlation between pERK and gephyrin fluorescence intensity (Ctrl Ab: n = 48, Nogo-A Ab: 
n = 47) after 10 min Nogo-A function-blocking or control antibody treatment.  
pERK+ cells Mean SEM t-test       

Ctrl Ab 1.000 0.056 
0.649 

      

Nogo-A Ab 1.041 0.051       

 pERK Gephyrin pERK / Gephyrin 

Intensity Mean SEM t-test Mean SEM t-test Regression line 

Ctrl Ab 112,29 8,100 
0.930 

92.37 5,891 
0.072 

y = -0.1169x + 105.5 

Nogo-A Ab 96,89 7,786 91.38 6,096 y = -0.0029x + 91.658 
List of the Mean and standard error of the mean (SEM); single values are normalized to the averaged 
Control (Ctrl Ab) condition; Data were statistically analyzed via an unpaired T-test.  
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Table 13: Related to Figure 20; Normalized data for GABAAR ɣ2 and synapsin (Syn 1/2) 
density, fluorescence intensity and puncta area treated with Nogo-A function-blocking or 
control antibody either without (DMSO Ctrl n = 26; DMSO Nogo-A Ab n = 28) or with (Ctrl Ab 
+ CysA n = 31; Nogo-A + CysA Ab n = 32) Cyclosporin A (CysA) 

 Density Intensity Area 

GABAAR ɣ2 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

DMSO Ctrl 1,000 0,043 
0,006 

1,000 0,091 
0,049 

1,000 0,038 
0,091 

Nogo-A Ab 0,837 0,036 0,752 0,083 0,903 0,041 

DMSO Ctrl 
+ CysA 

1,000 0,038 
0,571 

1,000 0,096 
0,990 

1,000 0,039 
0,772 

Nogo-A Ab 
+ CysA 

1,032 0,047 1,002 0,094 
0,983

6 
0,041 

Syn 1/2 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

DMSO Ctrl 1,000 0,032 
0,788 

1,000 0,046 
0,064 

1,000 0,023 
0,892 

Nogo-A Ab 0,989 0,028 0,893 0,033 0,995 0,025 

DMSO Ctrl 
+ CysA 

1,000 0,028 
0,069 

1,000 0,059 
0,555 

1,000 0,033 
0,496 

Nogo-A Ab 
+ CysA 

1,071 0,027 1,048 0,055 0,969 0,031 

Coloc. Mean SEM t-test       

DMSO Ctrl 1,000 0,047 
0,037 

      

Nogo-A Ab 0,867 0,040       

DMSO Ctrl 
+ CysA 

1,000 0,039 
0,219 

      

Nogo-A Ab 
+ CysA 

1,080 0,051       

List of the Mean and standard error of the mean (SEM); single values are normalized to the averaged 
Control (Ctrl Ab) condition; Data were statistically analyzed via an unpaired T-test. 

 
Table 14: Related to Figure 22; Normalized data for pSer327 and synapsin (Syn 1/2) 
density, fluorescence intensity and puncta area treated with Nogo-A function-blocking or 
control antibody either without (n = 22) or with (n = 24) Cyclosporin A (CysA) 

 Density Intensity Area 

pSer327 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Ctrl Ab 1.000 0.051 
0.025* 

1.000 0.060 0.000 
*** 

1.000 0.040 0.001 
** Nogo-A Ab 0.794 0.073 0.685 0.039 0.801 0.041 

Ctrl Ab  
+ CysA 

1.000 0.066 
0.544 

 

1.000 0.040 
0.398 

1.000 0.038 
0.628 

Nogo-A Ab  
+ CysA 

1.06 0.073 1.070 0.071 1.032 0.053 

Syn 1/2 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Ctrl Ab 1.000 0.031 
0.119 

1.000 0.0.67 
0.173 

1.000 0.025 
0.003 

Nogo-A Ab 0.935 0.027 0.880 0.055 0.892 0.024 

Ctrl Ab  
+ CysA 

1.000 0.037 
0.638 

1.000 0.052 
0.230 

1.000 0.018 
0.812 

Nogo-A Ab  
+ CysA 

0.972 0.047 1.106 0.070 0.991 0.032 
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Coloc. Mean SEM t-test    Mean SEM t-test 

Ctrl Ab 1.000 0.049 
0.201 

   1.000 0.096 0.018 
** Nogo-A Ab 0.920 0.038    0.695 0.078 

Ctrl Ab  
+ CysA 

1.000 0.062 
0.990 

 

   1.000 0.097 
0.376 

Nogo-A Ab  
+ CysA 

0.999 0.052    1.135 0.117 

List of the Mean and standard error of the mean (SEM); single values are normalized to the averaged 
Control (Ctrl Ab) condition; Data were statistically analyzed via an unpaired T-test. 

 
Table 15: Related to Figure 23; Normalized data for GABAAR α2 and synapsin (Syn 1/2) 
density, fluorescence intensity and puncta area of ɣ2-myc and ɣ2 S327A-myc expressing 
neurons. Nogo-A gain-of-function treatment with control or Nogo-A function-blocking 
antibody for 10min. (ɣ2-myc : Ctrl Ab, n= 32, Nogo-A Ab, n = 32; ɣ2 S327A-myc: Ctrl Ab, n= 33, 
Nogo-A Ab, n = 32) 

 Density Intensity Area 

GABAAR α2 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

ɣ2-myc 
Ctrl Ab 

1.000 0.058 

0.443 

1.000 0.036 
0.017 

 

1.000 0.039 

0.837 
ɣ 2-myc 
Nogo-A Ab 

1.060 0.051 0.888 0.028 0.990 0.029 

ɣ2S327A-myc 
Ctrl Ab 

1.000 0.051 

0.056 

1.000 0.046 
0.880 

 

1.000 0.039 

0.051 
ɣ2 S327A -myc 
Nogo-A Ab 

1.155 0.061 1.010 0.043 1.109 0.038 

Syn 1/2 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

ɣ2-myc 
Ctrl Ab 

1.000 0.039 

0.692 

1.000 0.058 

0.054 

1.000 0.038 

0.062 
ɣ 2-myc 
Nogo-A Ab 

0.978 0.040 1.200 0.084 1.112 0.045 

ɣ2S327A-myc 
Ctrl Ab 

1.000 0.047 

0.502 

1.000 0.064 

0.443 

1.000 0.039 
0.703 

 ɣ2 S327A -myc 
Nogo-A Ab 

1.043 0.043 0.931 0.062 0.976 0.049 

Coloc. Mean SEM t-test    Mean SEM t-test 

ɣ2-myc 
Ctrl Ab 

1.000 0.081 

0.626 

   1.000 0.060 

0.784 
ɣ 2-myc 
Nogo-A Ab 

1.053 0.072    1.022 0.052 

ɣ2S327A-myc 
Ctrl Ab 

1.000 0.063 

0.365 

   1.000 0.059 

0.761 
ɣ2 S327A -myc 
Nogo-A Ab 

1.095 0.083    1.028 0.070 

List of the Mean and standard error of the mean (SEM); single values are normalized to the averaged 
Control (Ctrl Ab) condition; Data were statistically analyzed via an unpaired T-test. 
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Table 16: Related to Figure 24; Normalized data for GABAAR ɣ2 and synapsin (Syn 1/2) 
density, fluorescence intensity and puncta area treated with Nogo-A function-blocking or 
control antibody either without (Ctrl n = 30; Nogo-A Ab n = 29) or with (Ctrl Ab + EGTA 
n = 32; Nogo-A Ab+ EGTA n = 32) EGTA. 

 Density Intensity Area 

GABAAR ɣ2 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Ctrl Ab 1.000 0.035 0.003 
** 

1.000 0.064 
0.050* 

1.000 0.040 
0.159 

Nogo-A Ab 0.779 0.063 0.822 0.062 0.905 0.053 

Ctrl Ab 
+ EGTA 

1.000 0.034 

0.102 

1.000 0.068 
0.478 

 

1.000 0.038 

0.713 
Nogo-A Ab 
+ EGTA 

0.909 0.043 0.936 0.059 0.980 0.037 

Syn 1/2 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Ctrl Ab 1.000 0.026 
0.509 

1.000 0.049 
0.765 

1.000 0.030 
0.837 

Nogo-A Ab 0.925 0.027 1.027 0.075 0.990 0.040 

Ctrl Ab 
+ EGTA 

1.000 0.025 

0.086 

1.000 0.047 0.226 1.000 0.025 

0.298 
Nogo-A Ab 
+ EGTA 

1.086 0.042 1.077 0.042  1.036 0.023 

Coloc. Mean SEM t-test    Mean SEM t-test 

Ctrl Ab 1.000 0.027 0.001 
*** 

   1.000 0.054 
0.227 

Nogo-A Ab 0.783 0.055    0.898 0.064 

Ctrl Ab 
+ EGTA 

1.000 0.044 

0.473 

   1.000 0.045 

0.632 
Nogo-A Ab 
+ EGTA 

0.950 0.053    1.030 0.044 

List of the Mean and standard error of the mean (SEM); single values are normalized to the averaged 
Control (Ctrl Ab) condition; Data were statistically analyzed via an unpaired T-test. 

 
Table 17: Related to Figure 25; Normalized data for GABAAR ɣ2 and synapsin (Syn 1/2) 
density, fluorescence intensity and puncta area treated with Nogo-A function-blocking or 
control antibody either without (n = 45) BAPTA-AM. 

 Density Intensity Area 

GABAAR ɣ2 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Ctrl Ab 1.000 0.036 
0.041* 

1.000 0.052 
0.032* 

1.000 0.028 
0.013* 

Nogo-A Ab 0.891 0.038 0.841 0.051 0.889 0.034 

Ctrl Ab 
+ BAPTA-AM 

1.000 0.037 

0.164 

1.000 0.051 

0.025* 

1.000 0.031 

0.311 
Nogo-A Ab 
+ BAPTA-AM 

0.928 0.036 0.849 0.042 0.956 0.029 

Syn 1/2 Mean SEM t-test Mean SEM t-test Mean SEM t-test 

Ctrl Ab 1.000 0.021 
0.350 

1.000 0.045 
0.306 

1.000 0.027 
0.537 

Nogo-A Ab 1.029 0.022 0.941 0.036 0.979 0.022 

Ctrl Ab 
+ BAPTA-AM 

1.000 0.022 

0.427 

1.000 0.044 

0.848 

1.000 0.026 

0.370 
Nogo-A Ab 
+ BAPTA-AM 

0.973 0.026 0.988 0.044 1.035 0.028 
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Coloc. Mean SEM t-test    Mean SEM t-test 

Ctrl Ab 1.000 0.032 
0.168 

   1.000 0.041 0.000 
*** Nogo-A Ab 0.918 0.049    0.783 0.037 

Ctrl Ab 
+ BAPTA-AM 

1.000 0.042 
0.561 

   1.000 0.047 
0.753 

Nogo-A Ab 
+ BAPTA-AM 

0.968 0.036    1.021 0.044 

List of the Mean and standard error of the mean (SEM); single values are normalized to the averaged 
Control (Ctrl Ab) condition; Data were statistically analyzed via an unpaired T-test. 
 

Table 18: Related to Figure 26; Normalized data for Ca2+-Imaging with ER-GCaMP6-150 

 Ca2+ Frequency of negative peaks Ca2+ Amplitude of negative peaks 

n = 7 Ctrl Ab Nogo-A Ab Ctrl Ab Nogo-A Ab 

Time 
(min) 

Mean 
(%) 

SEM 
Mean 
(%) 

SEM 
Mean 
(%) 

SEM 
Mean 
(%) 

SEM 

0 0,000 0,033 0,000 0,035 0,000 0,010 0,000 0,008 

5 7,456 0,079 12,170 0,068 1,969 0,028 2,140 0,024 

10 18,396 0,124 25,065 0,116 2,950 0,025 3,332 0,022 

15 40,059 0,154 52,372 0,130 3,414 0,072 5,833 0,028 

 Ca2+ Frequency of positive peaks Ca2+ Amplitude of positive peaks 

 Ctrl Ab Nogo-A Ab Ctrl Ab Nogo-A Ab 

Time 
(min) 

Mean 
(%) 

SEM 
Mean 
(%) 

SEM SEM 
Time 
(min) 

Mean 
(%) 

SEM 

0 0,000 0,030 0,000 0,036 0,000 0,005 0,000 0,005 

5 -2,789 0,099 12,333 0,065 1,352 0,018 4,652 0,018 

10 14,763 0,095 39,012 0,135 2,236 0,023 7,114 0,030 

15 25,416 0,086 41,853 0,110 4,070 0,020 10,478 0,029 
List of the Mean (%) and standard error of the mean (SEM); values are normalized to the first time 
point before treatment; Data were statistically analyzed via 2-way-ANOVA (Amplitude positive peaks, 
ANOVA treatment, p < 0.095, F1,23 = 3.053) 

 
Table 19: Related to Figure 28 and Figure 29; Normalized data for pCREB or c-Fos 
expressing neurons after 10 min of either application of Nogo-A functional antibody against 
Nig-∆20 (pCREB: n = 12, c-Fos: n = 8), JTE-013 (pCREB: n = 7, c-Fos: n = 10) or a 
functional antibody against NgR1 (pCREB: n = 5, c-Fos n = 6) 

pCREB Ctrl Ab Nogo-A Ab DMSO JTE-013 Ctrl Ab NgR1 Ab 

Mean (%) 1.000 1.148 1.000 0.901 1.000 1.093 

SEM 0.030 0.062 0.263 0.063 0.081 0.048 

t-test 0.043* 0.173 0.292 

c-Fos Ctrl Ab Nogo-A Ab DMSO JTE-013 Ctrl Ab NgR1 Ab 

Mean (%) 1.000 1.325 1.000 0.946 1.000 0.935 

SEM 0.074 0.082 0.030 0.044 0.057 0.067 

t-test 0.010** 0.282 0.479 
List of the Mean and standard error of the mean (SEM); single values are normalized to the averaged 
Control condition; Data were statistically analyzed via an unpaired T-test. 
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Table 20: Related to Figure 30; Normalized data for c-Fos expressing neurons after 2 hours 
of either application of Nogo-A functional antibody against Nig-∆20 (n = 5), JTE-013 (n = 7) 
or a functional antibody against NgR1 (n = 9) 

c-Fos Ctrl Ab Nogo-A Ab DMSO JTE-013 Ctrl Ab NgR1 Ab 

Mean (%) 1.000 1.186 1.000 1.006 1.000 1.304 

SEM 0.032 0.050 0.170 0.043 0.200 0.220 

t-test 0.014* 0.975 0.352 
List of the Mean and standard error of the mean (SEM); single values are normalized to the averaged 
Control condition; Data were statistically analyzed via an unpaired T-test.
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