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1.   Abstract 

Brain derived neurotrophic factor (BDNF) is essential for the development and maintenance 

of the elaborate architecture of neurons, their activity and function and also supports their 

unique plasticity property- the ability to modify structure and function in response to 

chemical/electrical stimuli. Several Central nervous system disorders display a deficiency in 

BDNF that correlates with disease severity and progression at the clinical level, poor cognitive 

performance and intellectual disability at the behavioral level and compromised neuronal 

structure and function at the cellular level. The first part of my thesis investigates the effects 

of Fingolimod - a well-tolerated pharmacological agent that augments endogenous BDNF 

levels, on neuronal architecture and activity in mature primary hippocampal cultures. 

Thereafter, I probed whether the positive structural alterations exerted by Fingolimod in 

healthy neurons could result in rescue of the cellular deficits seen in different in vitro models 

for a set of disorders that exhibit BDNF dysfunction - Alzheimer’s disease (AD), Rett syndrome 

(RTT) and Cdkl5 deficiency disorder (CDD). 

The second part of this thesis addresses a specific aspect of AD – the mechanism of action 

of amyloid-β (Aβ) oligomers in determining the synapto-toxicity correlating to the early 

cognitive decline in AD. The pan neurotrophin receptor (p75NTR), mainly known for its pro-

apoptotic signaling, upon ligand interaction with oligomeric Aβ, was found to induce dendritic 

spine loss and aberrant spine morphologies in primary hippocampal neurons at sub-lethal Aβ 

oligomer concentrations. Using a combination of biochemical, imaging and pharmacological 

experiments to determine the morphological changes at spines, I here show that p75NTR-Aβ 

binding rapidly initiates the restructuring of the underlying actin spino-skeleton by activating 

the Rho/ROCK signaling cascade. 

The third and final part of my work is built around the exciting concept of hemispheric 

asymmetry. Although asymmetry in the brain is recognized for physiological processes like 

handedness, language processing etc., its existence with respect to diseases is rather under-

explored even though it’s manifestation is observed in progressive neurodegenerative 

disorders like AD. With CDD as my research model, I investigated whether 

neurodevelopmental disorders associated with intellectual disability could also display 

asymmetry, specifically in the bilateral hippocampus - the hub of learning and memory. Indeed, 

electrophysiological recordings from hippocampal slices of a CDD mouse model presented a 

leftward asymmetry in alterations of long term potentiation – the neural correlate of learning 

and memory. However, the basis of this asymmetry is unknown and is currently under 

investigation. 
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Zusammenfassung 

Brain derived neurotrophic factor (BDNF) ist essentiell für die Entwicklung und Stabilität der 

Architektur von Neuronen, ihre Aktivität und fördert ihre Plastizität - die Fähigkeit, Struktur und 

Funktion als Reaktion auf chemische/elektrische Stimuli zu modifizieren. Mehrere 

Erkrankungen des zentralen Nervensystems zeigen einen Mangel an BDNF, der auf klinischer 

Ebene mit der Schwere und dem Fortschreiten der Krankheit, schlechter kognitiver Leistung 

und intellektueller Behinderung und auf zellulärer Ebene mit einer Beeinträchtigung der 

neuronalen Struktur und Funktion korreliert. Der erste Teil meiner Dissertation untersucht die 

Auswirkungen von Fingolimod - einem pharmakologischen Wirkstoff, der die endogene BDNF 

Menge erhöht - auf die Architektur und Aktivität von Neuronen in primären 

Hippokampuskulturen. Weiterhin wurde analysiert, ob strukturelle Veränderungen (induziert 

durch Fingolimod), zelluläre Defizite retten können, die in verschiedenen in vitro-Modellen für 

Störungen mit BDNF-Dysfunktion beobachtet wurden - Alzheimer-Krankheit (AD), Rett-

Syndrom (RTT) und Cdkl5-Mangelerkrankung (CDD). 

Der zweite Teil dieser Arbeit befasst sich mit einem spezifischen Aspekt der AD - dem 

Wirkmechanismus von Amyloid-β (Aβ) Oligomeren, welche zu Synaptotoxizität und früh 

auftretenden kognitiven Defiziten bei AD führen können. Es konnte bereits gezeigt werden, 

dass eine Interaktion von Aß Oligomeren mit dem Pan-Neurotrophin-Rezeptor (p75NTR) zu 

morphologischen Veränderungen als auch zu einem Verlust von dendritischen Spines in 

primären Neuronen des Hippokampus führt. Mit Hilfe von biochemischen, bildgebenden und 

pharmakologischen Experimenten zeige ich hier, dass die p75NTR-Aβ Bindung 

morphologische Änderungen initiiert indem sie die Rho/ROCK-Signalkaskade aktiviert, 

welche zu einem Umbau des synaptischen Aktin-Zytoskeletts führt. 

Der dritte und letzte Teil meiner Arbeit beschäftigt sich mit dem Konzept der hemisphärischen 

Asymmetrie. Asymmetrie im Gehirn ist für diverse physiologische Prozesse von Bedeutung, 

ihre Rolle in Bezug auf Krankheiten ist jedoch wenig erforscht obwohl sie bei progressiven 

neurodegenerativen Erkrankungen wie AD beobachtet wird. Mit CDD als Forschungsmodell 

untersuchte ich, ob neuronale Entwicklungsstörungen, die mit geistiger Behinderung 

assoziiert sind, eine Asymmetrie aufweisen, insbesondere im bilateralen Hippocampus. 

Tatsächlich zeigten elektrophysiologische Aufzeichnungen von Hippokampusschnitten eines 

CDD-Mausmodells eine linksseitige Asymmetrie bei Veränderungen der Langzeitpotentiation 

- dem neuronalen Korrelat des Lernens und der Gedächtnisbildung. Die Grundlage dieser 

Asymmetrie ist jedoch unbekannt und wird derzeit weiter untersucht.
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2. 
 

 

Introduction 

The term neuron was coined by Heinrich Waldeyer Hartz who is also credited for the 

formulation of the neuron doctrine – the concept identifying neurons as the elementary 

structural and functional units of the nervous tissue. The doctrine however, was based on the 

anatomical observation and inferences of several other neuro-histologists like Ramón y Cajal, 

Albert von Kölliker, Camillo Golgi, Wilhelm His, August H. Forel etc. who generated drawings 

of neural elements as observed under simple microscopes. However, limitations in optical 

resolution and in staining techniques hampered the elucidation of a clear neuron structure and 

fueled the debate between the proponents and the opponents of the doctrine for several 

decades. It was not until Santiago Ramón y Cajal described the anatomy of the polarized 

processes and the contact structures between individual neurons by using the staining method 

developed by Camillo Golgi, that the doctrine was accepted. The nervous tissue was finally 

discovered to be a network of discrete cells rather than a continuous syncytium. Cajal and 

Golgi received as acknowledgement for their work, the 1906 Nobel Prize in Physiology and 

Medicine that laid the foundations for Neuroscience as a distinct discipline. Even long after its 

initial elucidation, scientists continue to be intrigued by the architecture of neurons due to their 

diverse and highly complex geometries, organized in unique macro- and microscopic 

arrangements across the different brain areas.  

2.1 Structure of pyramidal neurons: the principal residents of hippocampus and 

cortex 

Pyramidal neurons are a class of multipolar neurons abundant in the cortex, hippocampus and 

amygdala - the regions associated with higher cognitive functions. The unique pyramid-like 

triangular cell soma, along with the two distinct dendritic trees are usual identifiers of a 

pyramidal cell. While from the base of the soma originates a system of several short basal 

dendrites, the apex of the soma usually gives rise to one main apical dendrite that bifurcates 

into tufts of oblique dendrites at varying distances from the soma. In some pyramidal cells, the 

apical dendrite may bifurcate very close to the soma creating twin apical dendrites or even 

emerge as a pair of dendrites directly from the soma (Fig. 2.1). The axon on the other hand, 

emerges as a lone extensively branched lengthy process. Despite their strong family 

https://en.wikipedia.org/wiki/Santiago_Ram%C3%B3n_y_Cajal
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resemblance of apical-basal dendrites, pyramidal neurons can vary not only between species 

and brain regions but also within regions like the different cortical layers and the hippocampal 

sub-regions (Fig. 2.1), of which the cellular organization of the hippocampus is discussed in a 

succeeding section. In general, not only do the pyramidal neurons differ in morphology, 

molecular composition and electrophysiological activity, but their geometry contributes to 

diverse computational roles and specialized functions (Spruston, 2008; Graves et al., 2012; Soltesz & 

Losonczy 2018; Slomianka et al., 2011; Baker et al., 2018; Masurkar et al., 2020; Csicsvari et al., 2000; Mizuseki 

et al., 2012; Sun et al., 2017). While the neuronal dendrites act as receivers of predominantly 

excitatory inputs, the axon and the cell soma are recipients of mainly inhibitory inputs. 

Furthermore, the axon also transmits cellular outputs to connecting neurons via synapses. 

A synapse or a neuronal junction is a site of neural transmission where a chemical or an 

electrical signal from one neuron is conducted to another neuron. In a chemical synapse, the 

preceding compartment or pre-synapse comprises axonal swelling or boutons containing 

neurotransmitter-filled synaptic vesicles (SVs). These vesicles can release discrete packages 

of neurotransmitter (or quanta) into the synaptic cleft upon fusion with the plasma membrane 

at the active zone, a spatially-defined region where a pool of SVs is docked. A 20-40 nm wide 

gap or synaptic cleft physically separates the pre- from the post-synapse that is constituted by 

a sub-membrane protein dense post-synaptic density (PSD). PSDs provide the framework for 

Figure 2.1| Pyramidal neurons of cortical and hippocampal origin share features like 

triangular soma, basal and apical dendrites but the dendritic trees overall display considerable 

differences. Layer III pyramidal neurons have more oblique apical dendrites than layer V 

pyramidal neurons. While the CA1 pyramidal neurons have a distinct main apical dendrite and 

tuft, the apical dendrite of CA3 pyramidal neurons branch closer to the soma. (Adapted from 

Spruston, 2008) 
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the organization of several receptors facing the active zone. While excitatory synapses have 

distinctively thick PSDs organized by scaffolding proteins like PSD-95, the inhibitory synapse 

have uniform and thin PSDs supported by the scaffolding complexes of gephyrin (Tao et al. 2018; 

Chen et al., 2008; Gray 1959; Tretter et al., 2012; Heine et al., 2013). The inhibitory synapses majorly dock 

γ-Aminobutyric acid receptors (GABARs) or glycine receptors (GLYRs) which are ligand-gated 

ion channels that open upon interaction with GABA or glycine neurotransmitters respectively 

and inhibit neuronal activity by hyperpolarizing the cellular potential. In contrast, the excitatory 

synapses anchor receptors activated by the neurotransmitter glutamate (GluRs) like α-amino-

3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs), N-Methyl-d-aspartate 

receptors (NMDARs) that allow neuronal excitation by depolarizing the cellular potential as 

well as metabotropic glutamate receptors (mGluRs) that can modify synapse excitability by 

triggering intracellular mechanisms (Niswender & Conn, 2010; Guimarães, e Alhadas, & Kushmerick, 

2017). 

The excitatory synaptic inputs occur mostly on 

dendritic spines. The prototypical spine is a 

membrane protrusion of a certain length with a 

bulbous head at one end connected via a narrow 

neck to the dendritic shaft (Fig. 2.2). Due to the 

resistance offered by their necks, spines can act as 

confined micro-compartments isolating synaptic 

inputs electrically and chemically, thereby filtering 

potentials from their parent dendrite (Araya et al., 

2006a, 2006b; Araya et al., 2014). In addition, dendritic 

spines also enhance the available surface area for 

synaptic contacts that can be packaged onto a 

defined length of dendrite (Spruston 2008). Although 

highly diverse in morphology, based on their head 

and neck geometries spines can be broadly 

classified into – mushroom, thin, stubby and 

filopodia-like (Fig. 2.2) (Herring & Sheng 2003). Larger mushroom-type spines (or mature spines) 

carry larger PSD indicating larger synapses and higher strength than their thinner counterparts 

carrying immature and small synapses (Berry & Nedivi, 2017; Ebrahimi & Okabe, 2014; Arellano et al., 

2007). Spines can undergo modifications in their number and/or morphology in response to 

activity – a phenomenon called structural plasticity. Using plasticity-inducing protocols like 

glutamate uncaging, activated spines have been observed to display increased head diameter 

as well as shortening and widening of their necks thus altering compartmentalization and 

Figure 2.2| Dendritic spines are 

protoplasmic protrusions on dendrites that 

can compartmentalize synaptic inputs via 

their distinct head and neck structures as 

seen in |A|. Based on head-to-neck ratios, 

they can be morphologically classified into 

different types as schematized in |B|. 
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allowing neurons to regulate synaptic strength of their numerous synapses (Araya et al., 2014; 

Tønnesen et al., 2014; Tønnesen & Nӓgerl 2016). 

2.2 The hippocampus: organization, function and activity  

Situated in the medial temporal lobe, the hippocampal formation is a sea-horse shaped 

bilateral structure divided into two main anatomical regions – dentate gyrus (DG) and cornu 

ammonis (Ammon’s horns; CA). The CA is further categorized into subfields CA1, CA2, CA3 

and CA4 (Lorente de Nó, 1934). Its unique laminar structure consists of several layers or strata 

(Fig. 2.3A). The small granule cells arranged in the stratum granulosum and the principal 

pyramidal cells aligned in the stratum pyramidale together form a trisynaptic circuit (Fig. 2.3B). 

Input is brought to the hippocampus via the perforant pathway from the layer II of the entorhinal 

cortex (LII EC) to the granule cells. The DG neurons further project as mossy fibers onto CA3 

pyramidal cells which then excite CA1 pyramidal cells via Schaffer collaterals. In addition, 

layer III of the EC also synapses directly onto the distal apical dendrites of the CA1 (Basu & 

Siegelbaum, 2015). The proximal apical dendrites, however are synapsed upon by the distant-

CA3 neurons in the stratum radiatum and the basal dendrites receive near-CA3 collateral 

inputs in the stratum oriens (Ishizuka et al., 1990; Li et al., 1994). Furthermore, long range CA3 

Schaffer collaterals fibers also project inter-hemispherically across the midline via the ventral 

hippocampus commissure (VHC) to synapse onto contralateral CA1 dendrites (Bliss et al., 

1983, Stäubli and Lynch, 1987; Swanson et al., 1981, Laurberg and Sørensen, 1981, Li et al., 1994) (Fig. 2.3C). 

In simple terms, the left hippocampal CA3 projects onto the right hippocampal CA1 and vice-

versa. Finally, CA1 projections transmit the output away from the hippocampus through 

innervations onto the subiculum neurons and deep layers of the EC. 

The functional significance of this circuitry became relevant with several clinical case studies. 

In the classic case of patient HM, symptoms like loss of declarative memory forming abilities 

appeared upon resection of hippocampal and temporal lobe structures (Scoville & Milner, 1957) 

and in others, amnesic syndrome occured due to underlying hippocampal lesions (Zola-Morgan 

et al., 1986a, 1986b; DeJong, et al., 1968; Duyckaerts et al., 1985; Victor et al., 1961). Such human case 

studies provided strong evidence for an indispensable but time-limited role of hippocampus in 

formation of episodic, contextual and spatial memories (Zola-Morgan & Squire, 1990c; MacKinnon & 

Squire, 1989; Squire et al., 1989). During the course of learning and formation of a memory, the 

hippocampus acts as a site of convergence for the incoming spatial and non-spatial cortical 

information that eventually gets coded in domains of co-firing neuronal subpopulations called 

– engram cells. In the hippocampus, few neurons fire corresponding to a novel environment 

and hence generate place cells. Firing patterns of these place cells provide provide either a 

representative map of the new environment or spatial cues which act as an associative anchor 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6347473/#b0030
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6347473/#b0030
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6347473/#b0230
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6347473/#b0240
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6347473/#b0135
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6347473/#b0140
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Figure 2.3| The Hippocampus and its tri-synaptic circuitry. |A| Illustrations of silver 

chromate stained hippocampus prepared by Camillo Golgi first published in 1903. The 

pyramidal neuron populations display a laminar arrangement in clearly distinguishable layers 

or strata (right). |B| Neurons from the Entorhinal cortex (EC) project onto the Dentate gyrus 

(DG) neurons via performant pathway. The granule cells of DG send mossy fiber projections 

onto the CA3 pyramidal neurons which further synapse onto the CA1 pyramidal neurons via 

Schaffer collaterals. CA1 pyramidal neurons thereafter, project to deep layers of the EC. |C| 

Additionally, the CA3 pyramidal neurons also send commissural fibers that innervate 

contralateral CA1 neurons i.e. left CA3 (depicted in blue) synapses ipsilaterally onto left CA1 

as well as contralaterally onto right CA1. The same is true for the right CA3 (red). (Adapted from 

Serratos et al., 2017; Deng et al., 2010 and Jordan J.T, 2019) 
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to the memory (O’Keefe and Nadel, 1978; Tanaka & McHugh 2018; Ghandour et al., 2019; Riedel & Micheau, 

2001; Manns & Eichenbaum, 2006; Colgin 2020). As the memory ages gradually, it is transferred to 

other regions like the neocortex (termed consolidation by Mueller and Pilzecker 1900) and its 

dependence on the hippocampus decreases (Squire et al., 2015; Frankland & Bontempi 2005). 

Fascinatingly, in humans the left and the right hippocampus play distinct roles in memory, 

indicating a lateralization of function. The right hippocampus encodes spatial memory and 

reactivates during navigation (Burgess et al., 2002; Smith & Milner 1981; Miller et al., 2018; Iglói et al., 2010) 

whereas, the left hippocampus acquires and retains episodic memory (Burgess et al., 2002; Frisk 

& Milner 1990; Miller et al., 2018; Iglói et al., 2010). Likewise, aspects of functional asymmetry also 

extend to animals with bilateral hippocampal structures like primates (Toga & Thompson, 2003), 

dogs (Andics et al., 2016; Estey et al., 2017) and even rodents (Jordan, 2019; Kitanishi et al., 2017), though 

with respect to the extensive usage of the latter as animal models, asymmetry is substantially 

under-investigated. Rodents display hippocampal lateralization not only in performance of 

behavioral tasks (Klur et al., 2009; Shipton et al., 2014; Shinohara et al., 2012; Shinohara et al., 2013; Goto et 

al., 2010) but also in gene expression (Jordan et al., 2019) and electrophysiological activity – 

specifically in long term potentiation (LTP) - the neural correlate of learning & memory (Shipton 

et al., 2014). 

LTP is a widely used experimental paradigm to study functional synaptic plasticity. Specific 

patterns of high frequency pre-synaptic activity induce sustained enhancement in synaptic 

strength (Bliss & Lomo 1973) (Fig. 2.4A). The pre-synaptic activity triggers substantial 

neurotransmitter release which bind to postsynaptic AMPARs inducing Na+ influx and 

depolarization of the post-synapse (Fig. 2.4A). This ultimately activates NMDARs by removal 

of their Mg2+ ion block causing a significant influx of Ca2+ ions into the post-synapse (Fig. 

2.4A). Activity of Ca2+/calmodulin - dependent protein kinase (CaMKII) is then triggered (Lisman, 

1989; Malenka et al., 1989; Malinow et al., 1989) that phosphorylates AMPARs increasing their opening 

probability (Malinow and Malenka, 2002). CaMKII also induces insertion of new AMPARs into the 

PSD by lateral diffusion or from intracellular reserves (Fig. 2.4A) hence, increasing the ionic 

current or synaptic strength (Malenka and Nicoll, 1999; Malinow and Malenka, 2002). This accompanies 

modification of the underlying actin spino-skeleton and enlargement of spine head volume at 

potentiated synapses (Basu et al., 2018; Lei et al., 2016) and/or growth of new spines (Engert & 

Bonhoeffer, 1999) (Fig. 2.4B). In addition to CaMKII, protein kinase C (PKC) may be recruited 

and contributes towards the maintenance of LTP or synaptic strengthening for hours/ days by 

driving expression and translation of plasticity-related proteins like brain derived neurotrophic 

factor (BDNF) (Frey et al., 1988; Krug et al., 1984; Otani & Abraham, 1989; Benito and Barco, 2010; Korte et 

al., 1998) (Fig. 2.4B).  
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2.3 BDNF: a protein with manifold functions 

BDNF, along with nerve growth factor (NGF), neurotrophin 3 and 4 (NT-3, NT-4) belong to a 

family of trophic factors called Neurotrophins. These are secreted molecular cues that were 

earlier described as survival factors (Purves et al., 1988) but eventually recognized to be critical 

for several aspects of structural and functional plasticity (Chao, 2003; Huang and Reichardt, 2001; 

McAllister et al., 1999; Lu et al., 2005). Initially synthesized as larger precursors, Neurotrophins 

undergo a proteolytic cleavage of their pro-domain to transform into a mature form (Seidah et 

al., 1996a; Seidah et al., 1996b). The mature Neurotrophins interact with their respective high-

affinity Trk (tropomyosin related kinase) family receptors (Kaplan and Miller, 2000; Huang and 

Reichardt, 2003; Segal, 2003; Teng and Hempstead, 2004; Reichardt, 2006) (Fig. 2.5). In contrast, the pro-

Neurotrophins preferentially interact with the p75NTR (pan neurotrophin receptor), a member of 

the Tumor necrosis factor receptor superfamily. Due to the absence of intrinsic catalytic 

activity, p75NTR either partners with the Trk receptors, to increase binding affinity to mature 

Neurotrophins or with non-neurotrophin receptors like sortilin and Nogo, to elicit apoptotic 

pathways (Meeker & Williams, 2015; Dechant & Barde, 2002, Lee et al., 2001; Ibanez, 2002; Teng et al., 2005) 

(Fig. 2.5). Additionally, p75NTR signaling may also contribute to synapse modification (Rosch et 

A 

BDNF CREB 

B 

Na+ 

glutamate 

Figure 2.4| Long Term Potentiation (LTP) induces structural and functional plasticity. |A| Schematic 

of synaptic transmission at excitatory synapses at basal and potentiated activity states. While at basal 

states, pre-synaptic glutamate binding to GluRs typically activates AMPARs (Na+ influx) but not NMDARs 

due to its Mg2+ block, following LTP, the post-synaptic depolarization releases the NMDARs Mg2+ block 

inducing additional influx of Na+ and importantly Ca2+ into the cell. Increase in cytosolic Ca2+ enhances 

exocytosis via CaMKII activity thus inserting and stabilizing new AMPARs into the post-synaptic 

membrane and increasing overall synaptic strength. Moreover, Ca2+ abundance also triggers downstream 

signaling cascades activating transcription of plasticity promoting molecules like BDNF. |B| To 

accommodate the new AMPARs, the potentiated spines undergo structural modifications leading to spine 

head expansion and/or growth of new spines. (Adapted from Ramiro –Cortés et al., 2014; Kauer & Malenka, 

2007) 
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al., 2005; Woo et al., 2005; Zagrebelsky et al., 2005), neurogenesis (Bernabeu and Longo, 2010) and injury-

associated signaling (Zhou et al., 1996; Kraemer et al., 2014; Meeker and Williams, 2014). 

Signaling via the Trk receptors regulate growth and survival. BDNF specifically interacts with 

the TrkB receptor (Klein et al., 1991) to initiate receptor dimerization and auto-phosphorylation of 

tyrosine residues in the cytoplasmic domains. Target molecules from three sets of signaling 

cascades are then recruited triggering the PI3K-Akt (phosphatidyl-inositol-3-kinase) pathway 

and/or Phosholipase C (PLC-γ) pathway and/or the mitogen-activated kinase (MAPK) pathway 

(Duman & Voleti, 2012; Bibel, 2000; Blum and Konnerth, 2005; Minichiello, 2009) (Fig. 2.5). Roles of these 

pathways are implicated in neuronal survival, growth and differentiation, protein synthesis via 

cAMP response element binding protein (CREB), structural and functional plasticity etc. 

(Gottmann et al., 2009; Park and Poo, 2012; Zagrebelsky and Korte, 2014; Binder and Scharfman 2004). 

Moreover, ample evidence indicates that BDNF modulates neuronal morphology by 

enhancing dendrite numbers, length and complexity, in response to neuronal activity during 

development as well as after maturation (Horch et al., 1999, 2002; McAllister, 1995; McAllister et al., 1996; 

Kwon and Sabatini, 2011; Kellner et al., 2014). Also, increase in dendritic spine numbers has been 

Figure 2.5| Signaling via Neurotrophins (NTs) and their receptors. Trk receptors upon binding 

with its specific neurotrophin ligand (like BDNF-TrkB) mediate cell survival, differentiation, 

regeneration, synaptic plasticity etc. via Ras-MAPK, PI3K/Akt and PLC-γ pathways. On the other 

hand, both mature and pro-NTs can bind to the p75NTR. While matureNT activates NF-κB to promote 

cell survival, the proNTs signal for apoptosis or inhibit neurite outgrowth through JNK or RhoA 

activity respectively. Also, the p75NTR interacts with different co-receptors that facilitate its diverse 

functions. (Adapted from Houlton et al., 2019) 
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previously reported upon BDNF application or overexpression (Ji et al., 2010; Tyler & Miller, 2003; 

Horch et al., 1999). In fact, presence of BDNF was found to be essential for the maintenance of 

spine numbers and for activity-induced spine changes in mature neurons (Rauskolb et al., 2010; 

Kellner et al., 2014). Since activity-dependent spine modifications are closely related to synaptic 

strength, it is reasonable to picture BDNF as a downstream effector of plasticity-inducing 

phenomena. Indeed, LTP induction requires BDNF-TrkB signaling at individual spines (Tanaka 

et al., 2008) and also in slices (Korte et al. 1998). Absence of BDNF not only impairs the 

electrophysiological correlate of memory - LTP in ex vivo slices (Korte et al., 1995, 1996) but also 

induces spatial memory deficits in rodent models (Heldt et al., 2007; Mizuno et al., 2000, 2003; Petzold 

et al., 2015).  

Overall, with respect to its manifold effects, BDNF is immensely important for the proper 

structuring and functioning of the CNS and its deficiency therefore, has considerable adverse 

consequences. This can be seen in several neurological disorders. Post-mortem analysis of 

tissues from patients of Schizophrenia (Ray et al., 2014), Depression (Dwivedi et al., 2003; Karege et 

al., 2005), Bipolar disorder (Banerjee et al. 2013; Knable et al. 2004; Ray et al. 2014), Parkinson’s disease 

(Sampaio et al., 2017; Howells et al., 2000), Huntington’s disease (Zuccato et al., 2008), Alzheimer’s 

Disease (Sen et al., 2017; Laske et al., 2007), Rett syndrome (Pejhan et al., 2020; Abuhatzira et al., 2007; 

Deng et al., 2007), Epilepsy (Brooks-Kayal et al. 2009; Martínez-Levy et al. 2016) etc. display irregularities 

in BDNF/TrkB protein or mRNA levels in various brain regions contributing to the disease 

pathophysiology (Giacobbo et al., 2018; Autry & Monteggia, 2012). However, delivering BDNF as a 

therapeutic agent into the CNS poses significant restrictions - its polar nature that does not 

facilitate diffusion across the blood brain barrier and its short half-life (Wurzelmann et al., 2017). 

The existing therapeutic approaches are either invasive (like intracerebroventricular injections) 

or may deliver insufficient doses non-specifically (like via liposomes). Since BDNF secretion, 

TrkB expression and BDNF/TrkB interaction are all tightly regulated processes, new strategies 

aim to target either endogenous BDNF secretion mechanisms or mimic BDNF-induced TrkB 

activation through pharmacological agents. 

The following sections describe a few of the abovementioned diseases followed by detailed 

insights into a BDNF-modulating pharmacological agent. 

2.4 Alzheimer’s disease (AD): brief overview of the Amyloid-β oligomer hypothesis 

Since its discovery in 1901 by Alois Alzheimer, AD has become the most common cause of 

dementia accounting for nearly 60-80% of total cases (Barker et al., 2002). Extensive progressive 

neurodegeneration is a hallmark of AD brains. Although in the advanced stages, AD is 

characterized by senile amyloid-β (Aβ) plaques and neurofibrillary-Tau protein tangles, there 

exists a poor correlation between plaque load and cognitive function (Terry et al., 1994). Hence, 
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cognitive impairment was attempted to be explained by the Aβ oligomer hypothesis (Allsop et 

al., 1988; Selkoe, 1989; Hardy and Higgins, 1992). Proposed almost three decades ago, it states that 

soluble, Aβ oligomeric aggregates act as potent neurotoxins (Hayden & Teplow, 2013; Cline et al., 

2018; Ferreira & Klein 2011; Ferreira et al., 2015; Shea et al., 2019; Yang et al., 2017; Huang et al., 2020)) (Fig. 

2.6). The Aβ peptide originates from amyloid precursor protein (APP) upon alternative 

proteolytic cleavage (Koo et al., 1990; Cole and Vassar, 2008; Gralle and Ferreira, 2007). Although a 

normal metabolite, Aβ production is significantly altered due to mutated APP and/or 

malfunctioning protease complex that leads to overproduction of 40 and 42 amino acids 

sequence of Aβ. Since Aβ42 is more hydrophobic than Aβ40, it self-aggregates into oligomers, 

then fibrils and eventually constitutes the major proportion of plaques (Fig. 2.6). However, 

synapse loss, which was confirmed as the best pathological correlate of AD dementia (Terry et 

al., 1991) does not require deposition of Aβ plaques (Mucke et al., 2000). Instead, low quantities of 

oligomeric form of Aβ were found to impair memory performance in rodent models (Shankar et 

al., 2008; Reed et al., 2011; Figueiredo et al., 2013). Also, LTP was significantly disrupted by treatment 

with Aβ oligomers in ex vivo slices (Lambert et al., 1998; Klyubin et al., 2008; Townsend et al., 2006; 

Shankar et al., 2008; Wang et al., 2002). This effect was abolished upon treatment with antibodies 

against Aβ (Klyubin et al., 2008). Similar observations were reported in vivo, where memory loss 

was successfully reversed in AD rodent models upon injection of anti-Aβ antibodies (Dodart et 

al., 2002; Kotilinek et al., 2002).  

At the molecular level, Aβ oligomers trigger the onset of several cellular and synaptic defects 

in the neurons by interacting with many cell surface receptors, some specifically localized at 

synapses. Not only the pre-synaptic neurotransmitter release (Li et al., 2009; Brito-Moreira et al., 

2011), but also the post-synaptic NMDA and AMPA receptor levels are impacted (Goto et al., 

2006; Lacor et al., 2007; Hsieh et al., 2006; Almeida et al., 2005) by Aβ oligomers. These events, in 

association with disruption of the underlying cytoskeleton (Lacor et al., 2007; Whalen et al., 2005; Fifre 

et al., 2006) eventually lead to change in synapse composition and/or elimination of synapses 

(Lacor et al., 2007; Shankar et al., 2007; Shankar et al., 2008). The latter is partly attributed to the 

appearance of reactive oxygen species (Sponne et al., 2003) that also induce mitochondrial 

damage (Saraiva et al., 2010) and dysregulation of overall Ca2+ homeostasis (Paula-Lima et al., 2011; 

Alberdi et al., 2010; Demuro et al., 2005). As an outcome of this multi-level malfunctioning, neurons 

ultimately undergo cell-death (Lambert et al., 1998; Sponne et al., 2003; Whalen et al., 2005; Fifre et al., 

2006).  
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2.5  Rett Syndrome (RTT) 

First described in the 1960s by an Austrian Pediatrician Dr. Andreas Rett, the syndrome is a 

severe neurodevelopmental disorder with an incidence of about 1 in 10,000-15,000 (Burd et al., 

1991; Armstrong 1997). After an initial 6-18 month period of normal development, severe 

regression follows - development of the brain, speech and motor skills is arrested, stereotypic 

hand movements, gait ataxia, breathing irregularities and seizures make their appearance 

(Ehrhart et al., 2016; Kyle et al., 2018; Ehinger et al., 2018). Mutations in the Mecp2 gene on the ‘q’ arm 

of the X-chromosome account for over 95% of the typical RTT cases (Amir et al., 1999; Neul et al., 

2008) and generally occur de novo in paternal germ cells. Due to its X-linkage, RTT patients 

are mostly females since, in males the mutation is typically prenatally fatal. Moreover, the 

disease severity and phenotype differences depends on the type of mutation and degree of 

random X-chromosome inactivation (XCI). Mecp2 is a member of the methyl-CpG-binding 

domain family of proteins (Lewis et al., 1992; Quaderi et al., 1994) that functions as a transcription 

modulator and plays an important role in chromatin organization due to its ability to bind 

methylated cytosine residues in the DNA and to recruit transcription-regulatory complexes 

(Galvão & Thomas 2005; Mellén et al., 2012; Nan et al 1997; Chandler et al., 1999).  

Figure 2.6| The Amyloid-β 

oligomer hypothesis in AD. 

Cleavage of amyloid precursor 

protein (APP) produces Aβ40 

and Aβ42 monomers. Though 

these monomers may 

eventually assemble to form 

insoluble fibrils and hallmark 

plaques of Alzheimer’s 

disease, in their intermediate 

non-fibrillary soluble forms 

called Aβ oligomers, they bind 

with high affinity to neuronal 

synapses via several receptor 

proteins and interfere with 

normal synaptic function 

triggering dementia. (Adapted 

from Hefti et al., 2013) 
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While the Mecp2 nuclear protein is ubiquitously expressed (Lewis et al., 1992; Tate et al., 1996), it 

is mostly abundant in post-mitotic neurons contributing to neuronal differentiation, maturation, 

synapse development and maintenance (Shahbazian & Zoghbi 2002; Shahbazian et al., 2002; Chao et 

al., 2007; Kishi & Macklis 2004; Medrihan et al., 2008). RTT patients express reduced brain volume 

arising from smaller neuronal somas (Armstrong 

1992) and reduced dendritic arborizations (Kaufmann 

et al., 2000) indicating abnormalities in neuronal 

maturation. Loss of Mecp2 specifically from 

neurons in rodent disease models can recapitulate 

several RTT-like phenotypes (Chen et al., 2001). Like 

humans, Mecp2 mutant mice also present 

reduced brain volume and neuronal hypotrophy 

(Chahrour & Zoghbi 2007). Furthermore, activity-

dependent phosphorylation of Mecp2 regulates its 

chromatin association (Ebert et al., 2013; Tao et al., 

2009). In fact, one of the transcription targets of 

Mecp2 is the Bdnf gene where it specifically binds 

Promoter IV (equivalent to rat BDNF promoter III) 

in the absence of neuronal activity (Chen et al., 2003) 

(Fig. 2.7). However, Ca2+ influx upon neuronal 

depolarization induces phosphorylation of Mecp2 

by CamKII at Ser421 causing release and de-

repression of the Bdnf promoter, thus triggering its 

transcription (Chen et al., 2003; Zhou et al., 2006) (Fig. 

2.7) and enhancement of dendritic growth and spine development (Zhou et al., 2006). Loss of 

Mecp2 function on the other hand, negatively affects BDNF regulation as reported in mutant 

animal models (Chang et al., 2006; Wang et al., 2006; Schmid et al., 2012) and human RTT patients 

(Abuhatzira et al., 2007; Deng et al., 2007). Deletion of Bdnf in postnatal Mecp2-deficient mice brain 

interestingly, led to early-onset and accelerated symptom development (Chang et al., 2006). 

Together these observations indicate that, Mecp2 and BDNF share a close functional 

interaction.  

Although RTT is a complex disorder, investigation of the CNS can explain several neurological 

phenotypes of RTT. Nevertheless, to understand other phenotypic subsets like metabolic 

dysregulation in RTT patients and animal models, non-neuronal as well as peripheral analysis 

of functional loss of Mecp2 function is crucial but is out of scope of this thesis. 

 

Figure 2.7| Mecp2 modulates activity-

dependent BDNF expression. In neurons 

at resting states, BDNF exon IV promoter 

is repressed by Mecp2-HDAC complex. 

However, Ca2+ influx following activity bout 

triggers Mecp2 to release and thus de-

repress the promoter. This leads to robust 

activity-dependent BDNF transcription. 
(Adapted from Sun & Wu., 2006) 
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2.6  Cdkl5 deficiency disorder (CDD) 

Due to clinical similarities, CDD was earlier identified as an atypical or Hanefeld variant of Rett 

syndrome but is now accepted as a separate clinical entity. Unlike RTT, patients with CDD 

primarily display severe developmental delay from birth and frequent seizures that start by the 

age of 3 months. Subtle facial and hand phenotypes, intellectual disability and gross motor 

impairments are also observed (Fehr et al., 2012; Katayama et al., 2020; Jakimiec et al., 2020). The 

occurrence of CDD is about 1 in 40,000-60,000 live births (Jakimiec et al., 2020). The 

pathogenesis is the result of a mutated X-linked Cdkl5 (cyclin-dependent kinase like-5) gene 

present on the ‘p’ arm of the chromosome, coding for a serine-threonine kinase (STK9) 

(Kalscheuer et al., 2003). The occurrence of the mutation is de novo in nature and may be 

phenotypically divergent owing to epigenetic factors and random X-inactivation. Cdkl5, like 

Mecp2 is also widely expressed across the human body with the highest expression levels in 

the cortex, hippocampus, cerebellum as well as the thymus and testis. In rodent disease 

models, its levels peak peri- and postnatally in the cortex and the hippocampus and remain 

relatively constant during adulthood (Rusconi et al., 2008; Nawaz et al., 2016). Although these rodent 

disease models display enhanced anxiety and deficits in spatial memory, they do not display 

seizure activity (Zhou et al., 2017; Okuda et al., 2018; Wang et al., 2012). 

Expression of Cdkl5 protein is detectable in neuronal nuclei and dendrites where it not only 

forms protein complexes with Rac-1, a critical regulator of actin dynamics and neuron 

morphology (Chen et al., 2010; Luo et al., 2002; Luo et al., 2000) but also mediates BDNF induced Rac1 

activation (Chen et al., 2010) (Fig. 2.8). However, not much is known about how Cdkl5 deficiency 

influences BDNF or how BDNF may contribute to CDD pathology. Furthermore, Cdkl5 also 

localizes in actin-rich compartments like the neuron growth cone and dendritic spines (Chen et 

al., 2010; Nawaz et al., 2016; Ricciardi et al., 2012; Zhu et al., 2013). It interacts with PSD-95 at excitatory 

post-synapses and contributes to synapse formation and spine development (Ricciardi et al., 

2012; Zhu et al., 2013) and regulates the accumulation and/or insertion of NMDARs and AMPARs 

at the synapse (Okuda et al., 2017; Tramarin et al., 2018). Interestingly, neuronal depolarization 

induces rapid but transient Cdkl5 expression via local protein synthesis specifically in the 

dendritic compartment (likely also at spines) but not the cytoplasm indicating a possible role 

in activity-dependent plasticity (La Montanara et al., 2015).  The involvement of Cdkl5 in diverse 

functions can be attributed to downstream substrates of its kinase-activity of which only few 

are believed to be known. Two of them - Mecp2 and DNMT1 (DNA methyl transferase 1) as 

shown in Fig. 2.8 are in fact also considered responsible for few overlapping features of RTT 

and CDD (Mari et al., 2005; Kameshita et al., 2008).  
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 As for RTT, also for CDD only CNS-related phenotypes are reported in this introduction, The 

non-CNS phenotypes observed in patients (gastrointestinal and respiratory irregularities, 

peculiar facial features etc.) that are probably an outcome of peripheral Cdkl5 deficiency, are 

beyond the context of the current study. 

2.7 Fingolimod: bridging the gap between BDNF irregularities & neurological disorders 

Fingolimod (FTY720 or GilenyaTM) is a chemical derivative of myriocin, a metabolite isolated 

from an entomopathogenic fungus Isarii sinclarii (Brinkmann et al., 2010; Adachi et al., 1995). Though 

initially pursued as a clinically relevant immunosuppressive agent, subsequent experiments 

discovered non-immunosuppressive features of fingolimod at doses several 100-folds lower 

than the initial usage. In animal studies fingolimod modulated lymphocyte trafficking and acted 

upon pathogenic T-cells. This became the basis of its usage in Multiple Sclerosis therapy – 

approved by the US Food and Drug Administration in 2010. Identification of its mechanism of 

action and molecular targets provided evidence of direct CNS effects. Fingolimod readily 

crosses the blood brain barrier, accumulates in the CNS (Foster et al., 2007; Tamagnan et al., 2012; 

Briard et al., 2011) and in its phosphorylated form (FTY720-P) acts as a ligand for several 

Sphingosine-1-phosphate receptor (S1PRs) subtypes except S1P2 (Brinkmann et al., 2002; 

Mandala et al., 2002) (Fig. 2.9).  

Figure 2.8| Cdkl5 functions in 

the cytoplasm and the 

nucleus. Cdkl5 in its 

phosphorylated form mediates 

BDNF induced Rac-1 activation 

to regulate actin cytoskeleton 

and dendritic arborizations.  It 

localizes in actin-rich regions 

like the dendritic spines and 

also associates with nuclear 

speckle. Although several 

targets of Cdkl5 kinase activity 

remain unknown, it is known to 

phosphorylate Mecp2 and 

DNMT1 in the nucleus and 

influence gene expression. 

Deficiency of Cdkl5 function 

leads to a severe neuro-

developmental disorder. (Image 

sourced from Kilstrup-Nielsen et al., 

2012) 
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The ubiquitous expression and participation of S1PRs in numerous signaling cascades 

pointed towards possible diverse uses of fingolimod. S1PRs are G-protein coupled receptors 

activated by S1P to signal for cell growth and survival, cell motility and migration, angiogenesis 

etc. (Strub et al., 2010). In the CNS, S1PRs contribute to neurogenesis, communication between 

neurons and the blood brain barrier, maintenance of blood brain barrier integrity, neuronal 

morphology and excitability etc. (Brinkmann 2007; van Doorn et al., 2012; Soliven et al., 2011; O’Sullivan & 

Dev, 2017) (Fig. 2.9). Fingolimod employs a similar but non-identical signaling pathway like the 

S1P and S1PRs (Brinkmann et al., 2002; Brunkhorst et al., 2014) (Fig. 9). In addition, endogenous 

sphingosine kinases (Sphk) phosphorylate fingolimod to transform it into a structural analog 

of S1P (Brinkmann et al., 2002; Brunkhorst et al., 2014) that induces persistent signaling even after 

internalization of S1PRs (Mullershausen et al., 2009) (Fig. 2.9). 

Since low S1P levels correlate to disease pathology during aging and neurodegeneration 

(Couttas et al., 2014, 2018; Czubowicz et al., 2019), interfering with S1P signaling via fingolimod could 

prove beneficial. Indeed, in animal models of AD and Parkinson’s disease, fingolimod 

displayed significant neuroprotection (Hemmati et al., 2013; Zhao et al., 2017). Besides decreasing 

Figure 2.9| S1PR signaling as triggered by the endogenous ligand S1P and immunomodulatory 

drug Fingolimod. The S1P interacts with five S1P receptors (S1P1-5), each of which is coupled to 

different G-proteins that elicit diverse signaling cascades and cellular functions. The drug Fingolimod 

is phosphorylated intracellularly by Sphingosine kinase and transported outside the cell where it 

activates 4 of the 5 known S1PRs. It is also known to induce internalization of S1P1 receptor. 

Widespread expression of S1PRs in the CNS are mainly responsible for mediating fingolimod’s effects 

in neurological disorders. (Adapted from Brunkhorst et al., 2014) 
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the production of toxic Aβ protein itself (Takasugi et al., 2013; Aytan et al., 2016; Carreras et al., 2019), 

fingolimod also ameliorated Aβ induced neuronal toxicity in cultures (Doi et al., 2013; Ruiz et al., 

2014). Deficits in learning and memory formation in AD (Fukumoto et al., 2014; Asle-Rousta et al., 2013; 

Hemmati et al., 2013) as well as Parkinson-related motor dysfunction (Vidal Martinez et al., 2019) were 

also attenuated upon fingolimod treatment in rodent disease models. Interestingly, enhanced 

levels of BDNF protein were observed during fingolimod treatment and was viewed as pro-

survival signaling in AD (Doi et al., 2013; Ruiz et al., 2014; Fukumoto et al., 2014) and Parkinson’s 

disease (Vidal Martinez et al., 2016, 2019). Fingolimod also improved neurogenesis in adult mouse 

hippocampus in correlation with increased BDNF mRNA in this region (Efstathopoulos et al., 2015). 

In Huntington’s disease mouse models, fingolimod administration extended the overall life-

span, reduced brain atrophy, improved motor and memory impairments in combination with 

BDNF augmentation (Di Pardo et al., 2014; Miguez et al., 2015). Since BDNF dysregulation is a 

remarkable feature of RTT, improving BDNF levels via fingolimod also proved beneficial in 

improving motor performance and hind-limb clasping phenotype in Mecp2-lacking mutant 

mice (Deogracias et al., 2012).  

Together, these reports highlight the substantial therapeutic potential of fingolimod in several 

neurological disorders due to its ability to modulate endogenous BDNF that may be beneficial 

in disease associated-BDNF deficits and corresponding phenotypes.  
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2.8 Aims of the thesis 

In relation to the above described topics, this thesis is divided into three separate parts 

investigating different questions. Each part addresses a set of aims as discussed below. 

Part A| addresses the following core questions: 

 Considering that fingolimod imparts several benefits to neurological disease models 

by upregulating BDNF (see section 1.6) and the role of BDNF is well-established in 

modulating neuronal architecture and activity (see section 1.3), does Fingolimod 

modulate neuronal morphology and activity in healthy neurons in a BDNF-dependent 

manner? 

 If so, could these effects be reproduced in a diseased system? Since fingolimod 

ameliorates memory and motor deficits in BDNF-deficient diseased systems like AD 

and RTT respectively (see section 1.3, 1.4, 1.6), could this fingolimod-mediated rescue 

be associated to improvements in neuronal structure? This stems from the idea that 

behavioral deficits in neurological disorders manifest as a result of abnormalities in the 

CNS cells at the structural and functional level. For example, Loss of intact neuronal 

structure detectable as reduced dendritic complexity or spine/synapse loss are 

correlated to dementia in several neurodegenerative disorders (Clare et al., 2009; Bae & 

Kim, 2017; López-Doménech et al., 2016) as spatial and working memory is linked to spine 

density and proportion of mature mushroom spines (Mahmmoud et al., 2015). As 

connectivity and activity of neuronal networks rely on communication between these 

contact structures, alterations in their architecture may significantly influence neuronal 

function.  

Part B| In the context of AD, the neurotrophin receptor - p75NTR, upregulated in patient brains 

(Chakravarthy et al., 2012) is believed to signal for cell death when bound by its toxic ligand Aβ 

peptide (Yaar et al., 1997, 2002; Sotthibundhu et al., 2008; see section 1.3). Also, p75NTR has been 

previously shown to negatively modulate dendritic spine numbers (Zagrebelsky et al., 2005). As a 

link between these studies, in the second part I probed the following questions: 

 Could sub-lethal concentrations of Aβ oligomers (representative of early phases of AD) 

induce dendritic spine toxicity via p75NTR in mature neuronal cultures? 

 If so, could this involve alterations in the underlying actin cytoskeleton in dendritic 

spines? 

 Which signaling mechanisms downstream of p75NTR could be responsible for spine 

toxicity? 
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Part C| This part discusses a very interesting but under-investigated concept of hippocampal 

asymmetry. Hippocampal function is known to be lateralized to the left and the right 

hippocampus (see section 1.2). However, only scant data exist addressing whether 

asymmetries could also be presented in the context of diseases, identification of which may 

help better understand disease progression, its correlation to presented symptoms and to 

develop targeted therapies. For example, it is known that in AD, the left and the right 

hippocampi atrophy heterogeneously during disease progression and also correlates to loss 

of specific types of memories. Can such an asymmetric disease development also be 

observed in other CNS disorders? With this idea, a mouse model of X-linked 

neurodevelopmental Cdkl5 deficiency disorder (CDD) was chosen to explore hippocampal 

asymmetry. Previously, Cdkl5 deficiency has been shown to impair spatial memory in mice 

(see section 1.6), acquisition of which is specifically attributed to the hippocampus (see section 

1.2). Hence, there exists a possibility that the deficit may express itself unequally across the 

two hemispheres. By means of established electrical recording paradigms used to evaluate 

neural correlates of memory, I compared neuronal activity in a population of hippocampal 

neurons (area CA1) from the left and the right hippocampus of Cdkl5 deficient male and female 

mice and compared it to respective healthy WT littermate controls.  
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3. 
 

 

Materials and Methods 

3.1 Materials 

3.1.1 Equipment 

Table 3.1| The table describes different instruments and equipment employed throughout the study  

Equipment Distributer 

24-well plate 
 

Sarstedt 

Petri dish (3 cm) Sarstedt 

Falcons (10 mL, 15 mL, 50 mL) Sarstedt 

Eppendorf tubes (1.5 mL, 2 mL) Eppendorf 

Cover slips (Ø 13 mm) VWR  international 

Centrifuge mini spin plus Eppendorf 

Centrifuge Sigma 4K 15 (Rotor 12167) Sigma Aldrich 

Centrifuge 24R refrigerated peQLab 

CO2 incubators Sanyo; Binder 

Fluoro-Gel Embedding medium Electron microscopy sciences 

Incubator Jouan 

Microscope slides VWR  international 

Magnetic stirrer IKA-Labortechnik 

Milli-Q system (Milli-Q biocel A 10) Millipore 

UV-Vis Spectrophotometer ds-11 Fx De Novix 

Microplate reader Epoch BioTek 

Precision scale BP 221S Sartorious 

Razor blades Martor KG 

Rocker Labnet international; Stovall Lifescience 

Permount mounting medium Fischer scientific 

Pasteur pipettes Sigma Aldrich 

Vortex Genie 2 Scientific Industries Inc. 

Water bath GFL 
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Equipment Distributer 

Vibratome  VT 1000 S Leica 

Peristaltic pump Ismatec reglo 

Micropipettes Eppendorf; Abimed labmate 

Cleanbench SterilGARD The Baker company 

Ultrasonic cleaner VWR intenational 

Inverted light microscopes 

 Nikon Diaphot 

Zeiss Axiovert 135 TV 

 

Nikon 

Carl Zeiss 

Fluorescent microscopes 

 Olympus BX61WI 

 Zeiss AxioPlan 2 (ApoTome) 

 

Olympus 

Carl Zeiss 

 Confocal laser scanning microscope 

(cLSM) BX61WI 

Olympus 

Tissue slicer Stoelting 

Epoxy-stainless steel electrodes (5MΩ) AM Systems 

Differential amplifier model 1700 AM Systems 

Interface type chamber Scientific systems design 

Analog to digital converter 1401 Cambridge Electronic Design 

Rho A GLISA colorimetric assay Cytoskeleton Inc 

Deadend fluorometric TUNEL system Promega 

FD rapid GolgiStaining kit FD Neurotechnologies 

Laboratory  glassware Schott AG 



Materials and methods   | 31 

 

 

3.1.2 Buffers and solutions 

Below are tables describing recipes of routinely used buffers and solutions. 

 

 

 Compound Concentrations Distributer 

Artificial cerebro-

spinal fluid 

aCSF(1X) 

 

pH adjusted by 

carbogen 

NaCl 124 mM Carl Roth 

KCl 4.9 mM Applichem 

CaCl2.2H2O 2 mM Applichem 

MgSO4.7H2O 2 mM Applichem 

NaHCO3 25.6 mM Carl Roth 

Glucose 10 mM Carl Roth 

Table 3.2| The table describes buffers and solutions used in this study along with their composition. 

    

Hank’s balanced 

salt solution 

HBSS (1X) 

HBSS 50 mL Sigma Aldrich 

NaHCO3 175 mg Applichem 

CaCl2.2H2O 147mg Applichem 

Glucose 1351 mg Applichem 

Milli-Q  H2O 450 mL  

    

Phosphate buffer 

Saline  

PBS (10X) 

pH 7.3 

NaCl  1.37 M Applichem 

KCl  27 mM Applichem 

Na2HPO4 8 mM Applichem 

KH2PO4 15 mM Applichem 

    

Phosphate buffer  

0.2M 

Na2HPO4 22.72 g Applichem 

NaH2PO4 6.24 g Applichem 

Milli-Q 1000 mL  

    

Borate buffer 

pH 8.5 

Boric acid 1.24 g Merck 

Sodium tetraborate 
decahydrate  

1.9 g Sigma Aldrich 

Sterile H2O 400 mL  
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Neurobasal+ 

medium 

NB+ 

Neurobasal- medium  45 mL Gibco 

B 27 1 mL Gibco 

N2 5 mL Self-prepared 

 L-Glutamine (200mM) 125 μL Gibco 

Blocking solution 

immuno-

cytochemistry 

Triton X -100 0.2 % Carl Roth 

Normal Serum 

(goat/ donkey or both) 

1.5 % Invitrogen 

 1X PBS  Volume make up  

Poly-L-Lysine Ploy- L – Lysine  1g Sigma Aldrich 

Sterile H2O 
100 mL  

  

4% PFA in PB Paraformaldehyde 40 g Sigma Aldrich  

0.2 M PB 500 mL  

 Milli-Q 500 mL  

    

Serum medium DMEM 10 mL Gibco 

Fetal calf serum 200  μL PAA laboratories 

  

Gey’s balanced 

salt solution  

GBSS (1X) 

 

Sterile filtered 

and stored at 4⁰C 

until use 

KCl 5 mM Applichem 

KH2PO4 0.22 mM Applichem 

CaCl2.2H2O 1.5 mM Applichem 

MgCl2.6H2O 1mM Applichem 

MgSO4.7H2O 0.28 mM Applichem 

NaCl 137 mM Applichem 

NaHCO3 2.7 mM Applichem 

Na2HPO4 0.86 mM Applichem 

D- Glucose 5.5 mM Applichem 

Milli-Q  H2O 1L  
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3.1.3 Antibodies 

  

Chromalaun 

Gelatin solution 

Gelatin 5 g  

(Chrom (III) kaliumsulfat 

Dodecahydrat 

0.5 g  

dd- H2O 500 mL  

  

Agar for golgi-

Cox staining 

NaH2PO4 0.623 g Applichem  

Na2HPO4 2.755 Applichem 

 Agar 8 g Applichem 

 Milli-Q 400 mL  

    

6 % Sucrose Sucrose 30 g Carl Roth 

1X PBS 500 mL Self-made 

Antibody Dilution Description Manufacturer 

Primary antibodies 
 

α- Synapsin I 1:500 Rabbit poly.  Millipore #AB1543 

α - Synapsin1/2 1:1000 Chicken poly. Synaptic Systems #106006 

α - c-Fos 1:1500 Rabbit poly. Santa Cruz Biotech. #sc-52 

α – c-Fos 1:10,000 Rabbit poly. Synaptic Systems #226003 

α – β - Amyloid 1:5000 Mouse mono. IgG1 Sigma #BAM10 

α - MAP2 1:1000 Mouse mono. IgG1 Sigma #M4403 

α - caspase 3 (active) 1:500 Rabbit poly. Millipore #AB3623 

α - p44/42 MAPK (Erk1/2) 1:1000 Rabbit mono. Cell Signaling Tech. #4695 

α – phospho. CREB 1:1000 Rabbit mono. Cell Signaling Tech. #9198 

α – PSD 95 1:1000 Mouse Mono. IgG2a Invitrogen 

Alexa fluor Phalloidin 647 1:40 - - - - - - - - -  Invitrogen #A22287 

Table 3.3| Here mentioned are different primary and secondary antibodies used for immunochemistry 

throughout the study. The dilution used, species and respective manufacturer of each antibody is also 

mentioned. 
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3.1.4 Software 

 

3.1.5 Plasmids 

 pAcGFP1- F: (Clontech Laboratories Inc.) This plasmid expresses a version of eGFP 

(enhanced Green Fluorescent Protein) tagged with a farnesylation sequence that 

targets it to the inner layer of the plasma membrane allowing clear visualization of 

neuronal contours essential for structural studies. Excitation maxima = 475nm  

Antibody Dilution Description Manufacturer 

Secondary antibodies 
 

α – mouse Cy 3 1:500 IgGFcγ Sc-I Jackson ImmunoRes. 

α – mouse 647 1:500 IgG Jackson ImmunoRes. 

α – mouse Cy 2 1:500 IgG Jackson ImmunoRes. 

α – mouse Cy 2 1:500 IgGFcγ Sc-I Jackson ImmunoRes. 

α – mouse Cy 3 1:500 IgG Jackson ImmunoRes. 

α – mouse Cy 3 1:500 IgGFcγ Sc-I Jackson ImmunoRes. 

α – mouse Cy 3 1:500 IgGFcγ Sc-2a Jackson ImmunoRes. 

α – rabbit Cy 2 1:500 IgG Jackson ImmunoRes. 

α – rabbit Cy 5 1:500 IgG Jackson ImmunoRes. 

α – rabbit Cy 3 1:500 IgG Jackson ImmunoRes. 

α – chicken Cy 3 1:500 IgG Millipore 

Table 3.4| Software used for different purposes throughout the study along with their 

manufacturers 

Software Manufacturer 

Microsoft Excel Microsoft Corporation 

Microsoft Word Microsoft Corporation 

Microsoft Powerpoint Microsoft Corporation 

Adobe Illustrator CS5 Adobe Systems Inc. 

Graphpad Prism 6/7 Graphpad Software 

Affinity Designer Serif (Europe) Ltd. 

Image J Wayne Rasband, NIH 

Neurolucida 6 MicroBrightField 

Intracell LIN Magdeburg 

Auto Quant Media Cybernetics 
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 pCMV - GCaMP5G: (Addgene) This plasmid encodes a Genetically Engineered 

Calcium Indicator (GECI) with enhanced sensitivity. It comprises GCaMP – a 

circularized GFP (G) fused with Calmodulin (CaM) and a peptide sequence from 

myosin light chain kinase (M13). Binding of 4 calcium ions to the CaM induces a 

conformational change allowing its binding to the M13 domain. This causes 

deprotonation of the chromophore shifts it from a poorly fluorescent to a bright 

fluorescence state at the excitation wavelengths. It has a similar excitation maximum 

as eGFP. 

3.1.6 Drugs, peptides, inhibitors and solvents 

 

  

3.1.7 Animals 

All mice strains were housed in a 12 h light/dark cycle in a temperature-controlled environment 

(21 ± 2 °C) with ad libitum access to food and water. The following mice strains were used in 

this thesis: 

 C57BL/6J mice: C57BL/6J mice bred in the mouse facility of the TU Braunschweig 

(TUBS) were used for wild type studies unless specified otherwise.  

 p75NTR knockout: p75NTR knockout mice used in this study carried a exon IV null 

mutation (p75exonIV, von Schack et al., 2001) and were kept on C57BL/6J background.  

  Mecp2 knockout: The Mecp2 null mouse strain, originally purchased from Jackson 

Laboratories (003890 B6.129P2(C)-Mecp2<tm1.1Bird>/J) was created using a 

targeted mutation (tm 1.1) that introduced loxP sites to flank exon 3 and 4 of the Mecp2 

Table 3.5| Below is a reagent list of drugs, peptides, inhibitors and solvents along with their respective 

manufacturers used in the thesis. 

Compound Manufacturer 

Fingolimod hydrochloride (FTY720) US Biological 

Fingolimod phosphate (FTY720-P) Cayman Chemicals 

Recombinant Human BDNF protein R&D Systems 

Recombinant Human TrkB-Fc Chimera R&D Systems 

TAT-Pep5 Merck Millipore 

Y-27632 dihydrochloride Tocris Bioscience 

Aβ1-42 peptide hydrochloride salt Bachem 

Aβ1-42 peptide HFIP treated Bachem 

Kaininc acid Tocris 

Dimethyl sulfoxide (DMSO) Thermofisher Scientific 



Materials and methods   | 36 

 

 

gene. A germline cre-mediated recombination then led to the removal of exon 3 and 4. 

This line originally on C57BL/6 background was backcrossed and maintained on a 

clean CD1 background (Bedogni et al., 2016). Timed-pregnant females were generated by 

overnight crossing wild type or hemizygous CD1 males with Mecp2+/− CD1 females. 

 Cdkl5 knockout: The Cdkl5 null mouse strain carrying exon 4 deletion (Amendola et al., 

2014) was created by crossing C57BL/6 heterozygous females with CD1 WT male 

mice. Each generation of CD1 heterozygous females was backcrossed with CD1 

males for at least ten generations. Timed-pregnant females were generated by 

overnight crossing wild type or hemizygous CD1 males with Cdkl5+/- CD1 females.  

The Mecp2 and Cdkl5 mutant strain were bred in the laboratory of Prof. Nicoletta Landsberger 

where the experiments regarding these mice were performed (University of Milan, Milan). The 

glass slides with fixed cells were then sent to TUBS where further imaging and analysis of 

these experiments was done. Eventually the CD1 Cdkl5 mutant line was obtained from Prof. 

Landsberger’s lab and established in the mouse facility of TUBS. Hence, additional 

experiments were also performed at TUBS with the Cdkl5 mice. All procedures concerning 

animals used for this thesis were approved by the animal welfare representative of the TU 

Braunschweig and the LAVES (Oldenburg, Germany, Az. §4 (02.05) TSchB TU BS). The 

experiments (in Milan) using Cdkl5 and Mecp2 mice were approved by the Italian Council on 

Animal Care and were approved by the Italian Government decree No. 210/2017 and by the 

San Raffaele Scientific Institutional Animal Care and Use Committee in accordance with the 

Italian law. 

3.2 Methods 

3.2.1 Genotyping 

Genotyping at TUBS was performed by Heike Kessler or Carmen Wucherpfennig via 

polymerase chain reaction using genomic DNA purified from tails to distinguish knockouts and 

littermate WT controls. For DNA extraction, pieces of tails were first digested with 500 µL lysis 

buffer with freshly added proteinase K overnight at 55°C. The cellular debris was then removed 

by refrigerated centrifugation (4°C) at 14000 x g for 10 min. subsequently, the supernatant 

was transferred into a new reaction tube containing 500 µL isopropanol. To precipitate the 

DNA the reaction tube was inverted about 10 times. The solution was again centrifuged at 4°C 

for 15 min at 14000 x g. The supernatant was discarded and the pellet was air-dried. 

Thereafter, 50 µL TAE buffer was added to rehydrate the pellet and incubated for 1h at 37°C. 

Following rehydration, the DNA was stored at 4°C until used for PCR. Specific primers were 

used for targeted amplification as mentioned in Table 3.8. The amplified DNA fragments were 
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finally separated by gel electrophoresis in a 1.5 % agarose gel that ran for 45 min at 80 V and 

150 mA. 

 For some Cdkl5 and all Mecp2 mice, genotyping, culture preparation and experiments were 

done at University of Milan by Eleonora Spiombi or Angelisa Frasca. 

 

 

 

 

3.2.2 Preparation of stock solutions 

All stock solutions were prepared in a sterile environment. Fingolimod hydrochloride: FTY720 

and Fingolimod-Phosphate: FTY720-P both were dissolved in Dimethyl sulfoxide (DMSO, 

anhydrous). FTY720-P required gentle sonication for 2-5 minutes for dissolution. Stock for  

Sample (1 x) PCR cycle 

Component Concentration Step Temperature Duration 

Polymerase buffer 5 µL 1 94° C 4 min  

dNTPs 1 µL 2 94° C 40 s 

33 

cycles 

Primers (each) 1 µL 3 59° C 30 s 

Polymerase 0.2 µL 4 72° C 40 s 

MgCl2 (25 mM) 3 µL     

DNA probe 1 µL 5 72° C 7 min  

dd H2O 6.8 µL 6 4° C Hold  

Table 3.6| PCR reaction for Cdkl5 knockouts 

Table 3.7| PCR reaction for p75NTR knockouts 

Sample (1 x) PCR cycle 

Component Concentration Step Temperature Duration 

Polymerase buffer 5 µL 1 94° C 3 min  

dNTPs 0.5 µL 2 92° C 30 s 

34 

cycles 

Primers (1:5 diluted; 

each) 

0.5 µL 3 59° C 1 min 

Polymerase 0.25 µL 4 72° C 1 min 

MgCl2 (25 mM) 3 µL     

DNA probe 0.5 µL 5 72° C 5 min  

dd H2O 14.25 µL 6 4° C Hold  
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FTY720 (100 mM), FTY720-P (1 mM) and control DMSO vials were prepared and stored at -

20°C until used. Recombinant Human BDNF protein was dissolved in sterile PBS with 0.1% 

BSA at a concentration of 50 ng/μL. BDNF scavenging TrkB-Fc receptor bodies was 

reconstituted in sterile PBS at 50 μg/mL. The cell permeable p75NTR inhibitor TAT-Pep5 was 

dissolved in DMSO at a 200 μM stock concentration and the p160 ROCK inhibitor Y-27632 

dihydrochloride in sterile milli-Q to obtain 20 mM stock solution. BDNF, TrkB-Fc receptor 

bodies, TAT-Pep5 and Y-27632 were all stored in small volume vials at -70°C until used. The 

freeze-dried human Aβ1-42 peptides were first dissolved in sterile Milli-Q to obtain stock 

concentration of 0.5 mM (Takata et al., 2003). This was stored at -70°C in several small volume 

one-time use aliquots. 

3.2.3 Cell culture techniques 

3.2.3.1 Preparation of Poly-L Lysine coated cover slips 

Glass cover slips (Ø 13 mm) incubated in 10M in NaOH for 3-5 hrs at 100⁰C and washed with 

Milli-Q water for 20 min. For sterilization these were kept at 225⁰C for 6 hrs and then coated 

with 0.5mg/mL poly-L-Lysine in boric acid buffer at 37⁰C for 2-3 hrs. The cover slips were then 

washed with sterile water 4-5 times and air dried for a few hours. The coated cover slips stored 

at 4⁰C until use. 

3.2.3.2 Preparation of embryonic dissociated neuronal cultures  

Primary hippocampal cultures were prepared from mouse embryos on embryonic day 18 and 

cortical cultures on embryonic day 15.5. After rapid cervical dislocation, the abdomen of the 

pregnant mouse was sterilized and the embryos were collected under sterile conditions. 

Subsequently the embryos were decapitated and their heads were immersed in ice cold GBSS 

(see 3.1.2) that was adjusted to pH 7.3. Using forceps each embryo head was held stable to 

remove the skin and the soft layer of skull tissue. The brains were then scooped very carefully 

Target Primer Sequence 

Cdkl5 WT reverse CCCAAGTATACCCCTTTCCA 

Cdkl5 KO forward ACGATAGAAATAGAGGATCAACCC 

Cdkl5 Control reverse CTGTGACTAGGGGCTAGAGA 

p75NTR pGK2 #1 AAGGGGCCACCAAAGAACGG 

p75NTR 2590 #1 TGTTGGAGGATGAATTTAGGG 

p75NTR mp75ex4s3 #1 GATGGATCACAAGGTCTACGC 

Table 3.8| Primers and their sequences used for genotyping 
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onto a spatula and placed back into ice-cold GBSS. In the next steps both the hippocampi 

and/or cortices were separated and the meninges were gently removed under a dissection 

microscope. The hippocampi and/or cortices were dissociated first via incubation in Trypsin-

EDTA solution for 30 min at 37°C and mixed several times by inversion. Meanwhile, a Pasteur 

pipette was narrowed at its mouth using a burner. To inactivate the Trypsin-EDTA the tissues 

were thereafter washed 5-6 times with serum medium (see 3.1.2). This step was followed by 

mechanical dissociation by repeated pipetting of the enzymatically treated tissue through the 

Pasteur pipette until the tissue was homogenized and no large pieces were visible. After that, 

the medium containing the dissociated cells was centrifuged for 5 min at 1,500 rpm to obtain 

a cell pellet. This pellet was re-suspended in Neurobasal+ medium (Gibco, see 3.1.2) and the 

cell concentration was estimated using a counting chamber. For the required cell density to 

be plated, the cell suspension was appropriately diluted into NB+ medium and subsequently 

the cells were seeded onto the pre-coated glass cover slips. For high density 70,000 cells and 

for low density 35,000 cells were pipetted onto the coverslips in a 150μL medium volume. The 

culture plates (24 wells) were carefully transferred without shaking and left to rest in a 37°C 

incubator with 99% humidity and 5% CO2. This incubation allowed the newly seeded cells to 

attach onto the coated coverslips. 3h later, 350μL of pre-warmed NB+ medium was added into 

each culture well and the plates were transferred back to the incubator. The day of culture 

preparation was considered DIV 0 (days in vitro) and the cultures were used at DIV 7, 14 or 

21 as per requirement of the experiment. Culture medium was changed once a week by 

replacing 20% of old NB+ with fresh medium. In some sets 450,000 cells per petri-dish (Ø 3cm) 

were plated directly to be used for protein extraction. For Mecp2 and Cdkl5 mice separate 

cultures were prepared from each isolated embryo and their respective tails were kept for 

genotyping by freezing them at -20°C until DNA isolation.  

3.2.4 Transfection 

The hippocampal primary cultures were transfected to induce expression of desired protein(s) 

by means of plasmid DNA. The plasmids used in this study have been described under section 

3.1.4. For this purpose, lipofectamine® 2000 (ThermoFisher Scientific) was used as per the 

manufacturer’s instructions. Plasmid DNA and lipofectamine®2000 were both brought to room 

temperature (RT). Meanwhile, NB- medium (300 μL/well of 24well plate) was set aside to pre-

warm in an incubator. DNA was diluted from stock to the required 0.8 μg / well using NB- (50 

μl / well) to obtain the DNA-mix. The Lipofectamine mix was prepared separately as required 

using 2 μl / well lipofectamine®2000 in 50 μl / well of NB-. Both the mixes were then incubated 

for 5 minutes and thereafter mixed together to obtain the transfection mix. The transfection 

mix was incubated for 20 min at RT. In the meantime, the culture plates were taken from the 

incubator (37°C incubator, 5% CO2) and NB+ medium in each culture well (500 μL) was 
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replaced with 300 μL of the pre-warmed NB-. The NB+ medium was collected and was kept in 

the incubator for reuse at a later step. 100 μL transfection mix were then added dropwise in 

each of the culture well and mixed by slight back and forth movements. The culture plates 

were then immediately placed back in the incubator. To minimize the time neuronal cultures, 

spend outside the incubator, parallel pipetting and brisk handling were done. Finally, after 45 

min incubation the transfection mix was completely substituted with the NB+ medium collected 

earlier. The cultures were put back into the incubator. The plasmid expression generally 

required 24h. This protocol produces only a fraction of labelled neurons scattered over the 

coverslip area, allowing detail and precise analysis of individual cells.  

 3.2.5 Cell culture treatments 

 3.2.5.1 Treatment of DIV 21 neurons with Fingolimod 

Mature hippocampal neurons transfected at DIV 20 were used 24h later. The cultures were 

treated with Fingolimod (FTY720) or Fingolimod phosphate (FTY720-P) along with their 

respective DMSO controls. The desired drug concentrations were achieved by a 1:40 step 

dilution of the respective stock solutions with DMSO, followed by the final working dilution 

directly into the NB- culture medium. The original NB+ medium in the culture wells was replaced 

with drug- or DMSO-containing NB- medium (500 μL / well). The different concentrations used 

for each drug in this study were – 10 nM and 100 nM. In some fingolimod treated cultures, 

TrkB-Fc receptor bodies were co-added at a concentration of 500 ng/mL to scavenge released 

BDNF. 24h after drug treatment, the feGFP cultures were fixed for immunocytochemistry and 

the GCaMP5 transfected cultures were used for calcium imaging. In the experiments aimed 

at investigating pERK1/2 immunofluorescence fingolimod treatment lasted only 30 min before 

the cultures were fixed. Here, few wells were also treated with 40 ng / mL BDNF as a positive 

control. Some GCaMP5 transfected cultures were directly used for calcium imaging to study 

acute effects of fingolimod application. 

3.2.5.2 Treatment of DIV 7 neurons with Fingolimod 

The treatment of young immature cortical cultures from Mecp2 and Cdkl5 mice began at DIV 

1, 24h after culture preparation. The FTY720-P stock solution was step diluted into DMSO (as 

mentioned before) to be added into fresh pre-warmed NB+ medium. In this scenario, the 

original NB+ was not exchanged, rather for each well 100 μL of new NB+ containing either 10 

nM FTY720-P or DMSO was added into the culture wells. It was ensured that the calculations 

for drug and DMSO dilutions were done according to a final volume of 600 μL / well. These 

cultures were fixed at DIV 7 and used for immunocytochemistry. 
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3.2.5.3 Treatment of DIV 14 or DIV 21 neurons with Amyloid-β peptides 

Hippocampal cultures were transfected at DIV 13 or DIV 20 depending upon the culture’s age 

requirement for an experiment. On the transfection day itself, oligomerization of Amyloid-β1-42 

peptides was initiated. For preparation of soluble Aβ1-42 oligomers, 3 μg of Aβ1-42 peptide stock 

was dissolved in 20 μL sterile PBS (See 3.1.2). This mix was incubated at 4°C for 24 h before 

the actual treatment for the oligomerization to take place. On the treatment day, NB- culture 

medium was pre-warmed in the incubator and was used to exchange the old NB+ medium 

from the culture wells (500 μL/well). Appropriate volumes of Aβ1-42 peptide were thereafter 

added directly into the culture wells (containing NB-) to obtain the desired treatment 

concentrations – 10 nM, 50 nM, 100 nM, 500 nM, whereas no peptides were added in the 

control wells. After 6h of Aβ1-42 exposure the cultures were fixed and processed further. In the 

experiments to analyze F-actin content, cultures were fixed 10 min after Aβ1-42 treatment and 

used for phalloidin staining. Petri dish cultures used for protein extraction were also treated 

with Aβ1-42 peptides (500 nM in 1 mL NB-) for 10 min before cell lysis procedure. 

3.2.5.4 Pre-treatment of Amyloid-β exposed neurons with inhibitors  

To interfere with the p75NTR mediated RhoA-ROCK signaling, the cell permeable p75NTR 

inhibitor TAT-Pep5 (100 nM) and the p160 ROCK inhibitor Y-27632 dihydrochloride (10 μM) 

were used. At DIV 14, NB+ medium from the previously transfected hippocampal cultures was 

replaced with pre-warmed NB- medium (500 μL) containing either of the inhibitors. The control 

wells did not receive any inhibitor but only the medium replacement. The culture plates were 

placed back into the incubator for 15 min. Afterwards, the cultures were treated with 500 nM 

Aβ1-42 peptides for 6h (as mentioned earlier) before fixation. The oligomers were added into 

the same culture medium containing or lacking the inhibitors.  

3.2.5.5 Pre-treatment of Amyloid-β exposed neurons with Fingolimod 

DIV 20 hippocampal cultures were transfected with feGFP and treated with 10 nM and 100 

nM FTY720-P or respective DMSO control at DIV 21. After 24h, in the same culture medium 

Aβ1-42 oligomers were added at a concentration of 500 nM. Subsequently, the cells were fixed 

after 6h and dendritic spines were analyzed. 

3.2.6 Immunocytochemistry 

Hippocampal and/or cortical cultures of different ages were fixed using cold 4% 

paraformaldehyde (in PBS) for 10 min at RT, washed thrice with PBS and permeabilized for 

1h with blocking solution (see section 3.1.2) at RT. Primary antibody(ies) against the protein(s) 

of interest were diluted (see section 3.1.3) in the blocking solution and added into the wells. 

The incubation with primary antibodies lasted overnight at 4⁰C on a rocker. Next day, the cells 
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were washed for 30-45 min at RT with PBS that was exchanged several times. Thereafter, 

appropriate secondary antibody(ies) solution diluted in PBS (see section 3.1.5) was prepared 

and added to the wells. The secondary antibody staining was done for 2h at RT in dark. For 

the final step, cultures were counter-stained for 10 min with DAPI (4’,6-diamidino-2-

phenylindole) diluted 1:1000 in PBS. The cover slips were then washed 3 times with PBS for 

a total of 15 min and mounted upside-down onto glass slides using anti fading Fluoro-Gel 

embedding medium (Electron Microscopy Sciences). These were let dry overnight at RT in 

the dark and were afterwards stored in the cold room until used for imaging.  

3.2.7 Fluorometric TUNEL Staining 

The Dead EndTM fluorometric TUNEL (Promega) staining was performed to visualize and 

quantify apoptotic neurons. Manufacturer’s instructions were followed along with a few 

modifications. When combined with immunocytochemistry, TUNEL was performed after the 

end of secondary antibody incubation and subsequent washes. 100 µL equilibration buffer 

was added to each well and the plate was covered with aluminum foil and kept on a RT rocker 

for 10 min. Meanwhile, the TdT (Terminal deoxynucleotidyl transferase) incubation buffer 

ingredients were prepared on ice (as mentioned in the manual) and stored in dark. The 

calculation of volumes however, for each cover slip was done for 25 µL (half of what described 

in the manual). The plastic covers provided in the kit were then cut into 3 equal squares and 

placed on a flat surface; insides of 6 well or 24 well plate covers work well. Each prepared 

plastic square was placed onto the cover and marked for the cover slips. A humidified chamber 

was also prepared simultaneously by placing several paper towels at the base and completely 

soaked in water. Then, 25 µL TdT reaction solution was carefully pipetted onto a cover slip as 

a drop and corresponding to the mark the relevant coverslip was transferred upside down onto 

the drop (as done while mounting) using a needle and a pair of forceps. This was repeated 

sequentially for each cover slip. After that, the covers holding these cover slips was placed in 

the humidified chamber and covered with an aluminum foil. The chamber was then transferred 

to an incubator at 37⁰C for tailing reaction to occur for 1h. 2X SSC buffer was then prepared 

from the 20X stock provided in the kit. Before the end of the incubation, the equilibration buffer 

containing wells of the culture plate were emptied and 300 µL of 2X SSC buffer was pipetted 

into each well. After the incubation ended, the cover slips were transferred back to the culture 

plate wells (containing 2X SSC buffer). The cover slips were flipped again like before so the 

cells faced up in the wells. The plate was put on a RT rocker in the dark for 15 min for the 

tailing reaction to stop. Thereafter the cells were washed twice with 1X PBS and 

counterstained with DAPI (if desired). After another set of 2 PBS washes, the coverslips were 

mounted on glass slides and allowed to dry in the dark. 
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3.2.8 Rho-A GLISA assay 

The G-LISA RhoA activation assay was done following the manufacturer’s instructions 

(Colorimetric format, 96 assays, Cytoskeleton Inc.). 2 petri dishes with 450,000 cells / dish 

were used for each treatment. WT as well as p75NTR knockout cultures were exposed to 500 

nM Aβ1-42 oligomers containing NB- or NB- alone for 10 min. Some experiments were also 

performed with TAT-Pep5 pretreatment for 15 min before addition of the Aβ1-42 oligomers. All 

the different treatments were done sequentially by working with only 2 petri dishes at a time 

to ensure that the lysate was prepared as fast as possible since RhoA activity is transient. The 

cultures were washed twice with ice-cold PBS before adding the cold cell lysis buffer. Lysates 

were prepared (350 μL for 2 petri dishes for each treatment) rapidly on ice and centrifuged at 

10,000g for 1 min. In each preparation 30 μL of the supernatant was kept aside on ice and the 

rest was snap frozen using liquid nitrogen in 100 μL aliquots. The lysates were then stored at 

-70°C until the colorimetric assay was performed. Meanwhile, protein estimation was done 

using the lysates that were kept aside using Precision red advanced reagent provided in the 

kit. The absorbance readings at 600 nm were used to calculate the protein concentrations as 

mentioned in the manual. The frozen samples were used within 1 month of preparation. At the 

time of assay, all samples were equilibrated to 0.5 mg/mL protein concentration using ice-cold 

cell lysis buffer before loading onto the assay plate. The following steps were performed 

exactly as per the instruction manual. 

3.2.9 Calcium imaging with primary cultures 

DIV 20 hippocampal neurons were transfected with plasmid DNA carrying the genetically 

encoded calcium indicator – GCaMP5. Next day the cultures were treated with fingolimod at 

different concentrations or respective DMSO controls for 24h. The following day neuronal 

activity was recorded as spontaneous nuclear and synaptic calcium signals of individual 

GCaMP5 positive cells. For the live imaging, an Olympus BX61WI microscope system 

(Xcellence rt software) with a 40 X (NA 0.8) water immersion XLUMPlanF1 objective. A cover 

slip was transferred carefully using forceps and a needle onto the recording chamber cells-

side up. The chamber was continuously perfused with 1X HBSS (See 3.1.2) at RT at 0.8 mL 

/ min flowrate. The cells were left undisturbed in the bath solution for 10 min to allow 

acclimatization to the new environment. Under the FITC, 488 channel a GCaMP5 positive cell 

was located with its green fluorescence and a region of its secondary dendrites was brought 

to focus. At a burner intensity of 23.13%, 500 frames were captured at 5Hz with an exposure 

time of 50 ms. A total of three such recording stretches (each lasting 1.40 min) separated by 

10 min interval were made for each cell. An average of 3-4 cells/ cover slip were used. In some 

experiments, the 24h fingolimod treatment was replaced with an acute application of drug or 
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control mixed at a desired concentration into the bath. Here, the calcium activity was recorded 

at different time points before and after the beginning of drug bath.  

3.2.10 Image acquisition and analysis  

Following immunostaining, the cultures were used for fluorescence microscopy. Two 

microscopes that were used throughout this study are Zeiss Axioplan2 equipped with an 

ApoTome module (ApoTome) and with AxioCam MRm camera und Olympus confocal laser 

scanning microscope (cLSM) FluoView1000. 

3.2.10.1 Selection and health of neurons 

The first and foremost feature that was looked upon was cell density since it can help judge 

the overall health status of neuronal cultures. A uniform cell density with homogenous 

distribution of cells and absence of cell 

aggregates (as in Fig. 3.1B right) is 

desirable. This was observed mainly via 

staining of Microtubule associated protein 

(MAP2) in neurons and 4’,6-diamidino-2-

phenylindole (DAPI) staining of cell nuclei. 

Individual neurons expressing feGFP 

plasmid showed intense labelling of the cell 

body, entire dendritic arbor and axon. A 

neuron was considered healthy when its cell 

soma was well-defined and devoid of 

irregular membranous protrusions, swelling 

or blebbing of its dendrites were absent (Fig. 

3.1A, B left). Only spatially isolated and 

distinct dendrites that showed no overlap 

were imaged. Cell with degenerating or 

fragmented dendrites were also excluded 

from the analysis. Imaging of dentate gyrus 

granule cells, identifiable by their small and 

round cell body and shorter, thicker 

dendrites was avoided.  

3.2.10.2 Dendritic morphology 

For assessing the dendritic morphology, the 

classical Sholl analysis (Sholl, 1953) was 

Figure 3.1| Selecting healthy looking neurons 

from primary dissociated cultures. |A| A 

transfected DIV 21 neuron. Scale:100 μm |B| on the 

left is a DIV 7 MAP2 stained neuron Scale:50 μm. 

In both neuron images a defined cell soma, 

several branched dendrites are clearly visible 

while on the right is an aggregate of several 

neurons on a culture slip. Aggregates like these 

occur due to insufficient dissociation and are 

undesirable. Scale:50 μm 

A 

B 
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used. This technique relies on an overlay of hypothetical 

concentric circles on a neuron image or trace centered at the 

cell soma. It quantifies cumulative number of dendrite 

crossings with the concentric circles as one moves away from 

the center in 10 μm increments. This provides an estimate of 

overall complexity of the dendritic structure as total 

intersections and of the complexity relative to the distance from 

the cell body as intersections / circle. First, the mature DIV 21 

transfected neurons were imaged with a fluorescence 

microscope under the 10x objective (NA 0.3) using the eGFP 

channel. These 2D fluorescent images were imported to the 

Neurolucida 6 software where the dendritic trees of each 

individual neuron were manually traced. The tracings thereafter 

allow Neurolucida explorer to run the Sholl analysis and 

calculate total intersections, total dendritic length, cell soma 

area, number of dendrites, number of primary, secondary or higher order dendritic branches 

etc. For the immature DIV 7 low density cultures, MAP2 staining was used as a basis for 

morphology analysis. Single, isolated neurons with non-overlapping neurites were imaged 

using a 20x objective (NA 0.8). The further processing of the tracings in Neurolucida remained 

unchanged. The analysis was always performed while being blinded for different genotypes 

and/or treatments.  

3.2.10.3 Dendritic spines 

Distinct stretches of non-overlapping dendrites were selected for spine density analysis and 

classification. Imaging was performed using a fluorescence microscope with ApoTome 

module for structure illumination under a 63x (oil, NA 1.4) objective and z-sectioned at 0.5 μm 

increments. The number of dendritic spines was counted manually using ImageJ and 

processed as spine number per μm length of the analyzed dendritic segment. Spine 

classification was done as previously described (Zagrebelsky et al., 2005) based on spine length 

(Spinelen: from spine base to spine head tip:), spine head width (Headmax) and spine neck width 

(Neckmin) as shown in the schematic (Fig. 3.3). An excel table was created with these three 

measurements done manually using ImageJ and sorted based on the following criteria into 4 

different subtypes: 

Spinelen ≤ 1μm & Headmax / Neckmin ≤ 1μm: Stubby 

Spinelen > 1μm & Headmax / Neckmin < 1.5μm: Thin 

Spinelen ≥ 3μm & Headmax / Neckmin ≤ 1μm: Filopodia 

Figure 3.2| Sholl analysis: to 

study dendritic organization as 

a measure of intersections of 

neuronal arbors with a series 

of hypothetical concentric 

circles around the neuron 

centered at the cell soma. 

Image source: Sholl (1953) 
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Headmax / Neckmin ≥ 1.5μm: Mushroom 

The number of mature synapses was analyzed using the immunolabeling for SynapsinI/II 

(Syn) as the proportion of co-localization between Syn puncta and feGFP-labelled dendritic 

spines. The merge feature of ImageJ was used for this purpose. A feGFP spine (green) was 

considered co-localized with Syn punctum (red), when a yellow punctum was observed within 

the same focal plane or two planes above and below. Exposure time for Cy3 fluorescent 

channel (in which Synapsin was stained) was kept constant across all treatment groups in an 

experimental repetition. 

For imaging spine density in Aβ1-42 treated cells 

cLSM was used. Here, Z-stack images were 

obtained with 40x (oil, NA 1.3) objective with a 

0.35 μm step-size. Images were taken with a 

zoom of 5X and frame size of 800 x 256 pixels 

with a final pixel size of 0.107 
µm

𝑝𝑖𝑥𝑒𝑙
. To image 

co-localization of Aβ oligomers onto feGFP 

dendrites the same z-stacks were captured 

using different excitation lasers – 488 nm for 

cy2 (GFP) and 559 nm for cy3 (Aβ). However, 

constant laser intensity was used for Aβ 

imaging across different treatment groups in an experimental repetition. A few sample images 

with large fields of view were first captured with varying laser intensities from WT cultures 

treated with 500 nM Aβ. From these images, an intensity value was selected at which the Aβ 

staining appeared optimally fluorescent with several well-distinguishable distinct dots. Images 

were then de-convolved using AutoQuant. The de-convolved images were imported to ImageJ 

to analyze spine density as well as co-localization. In a merged image, a feGFP-labelled spine 

co-localized with Aβ-immunoreactive puncta when seen within the same focal plane or one 

above or below.  

3.2.10.4 Immunofluorescence of phalloidin 

Phalloidin staining was used to estimate F-actin levels specifically within spine heads co-

localizing with Aβ1-42 oligomers. The imaging procedure was similar to the description above. 

Z-stack images of dendritic spines and corresponding phalloidin fluorescence were made 

using 40x oil objective (oil, NA 1.3) with 0.35 μm z-step size. For setting a constant laser 

intensity for phalloidin imaging, WT cultures treated with vehicle control were used. The 

selection for optimal intensity was done similarly as above, using multiple large field images 

with varying laser intensities to obtain optimal fluorescence. Following deconvolution, the 

Spine
len

 

Head
max

 Neck
min

 

Mushroom Stubby Thin Filopodia 

Figure 3.3| Schematic of different types of 

dendritic spines. Mushroom, stubby, thin 

and filopodia were the four dendritic spine 

categories used for classification. The 

criterion for classification was based on spine 

length, head width and neck width.  
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images were imported to ImageJ and opened as a merge of feGFP and phalloidin channels. 

Next, regions of interest (ROIs) were drawn around well-defined spine heads either co-

localized or not with Aβ-immunopositive puncta, while being blinded for the phalloidin channel. 

Additional ROIs were drawn on background where no dendrite and staining appeared. 

Intensities obtained as mean grey values for all spine head ROIs and background ROIs were 

averaged respectively.  The intensity for spine ROIs were then normalized to the background 

intensity for each image individually to calculate relative phalloidin (actin) intensity as depicted 

in the equation below. Analysis was performed while blinded for the genotype and treatment 

of each sample. 

𝑅𝑜𝑖
𝑎𝑣𝑔. 𝑠𝑝𝑖𝑛𝑒

𝑎𝑣𝑔. 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
= 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒  𝑎𝑐𝑡𝑖𝑛  𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 

 

3.2.10.5 Immunofluorescence based on threshold 

MAP2+ neurons were imaged with a Zeiss Axioplan2 microscope equipped with an ApoTome 

module using 10x (NA 0.3) objective along with one of the following corresponding 

immunofluorescence: against c-Fos, pERK, pCREB or active Caspase 3 (cleaved). Different 

excitation wavelengths were used to obtain multi-channel images of each field of view (FOV). 

Imaging was then done with a constant exposure time across different treatment groups in an 

experimental set. Based on MAP2+ and DAPI staining, FOV with homogenous cell density 

were captured while being blinded for the channel of interest (c-Fos, pERK, pCREB or active 

Caspase 3). Intensity from some random images of control groups were first used to determine 

an appropriate intensity threshold in ImageJ. This threshold was used to manually count 

immunofluorescent cells in the channels of interest (c-Fos, pERK, pCREB or active Caspase 

3). The total number of positive cells relative to the number of MAP2-positive neurons gave 

an estimate of the immune-positive fraction of the protein in question (c-Fos, pERK, pCREB 

or active Caspase 3). 

3.2.10.6 Calcium signals 

Analysis of amplitude and frequency of calcium transients was also performed using ImageJ. 

5-7 active spines were selected as ROIs from the dendrite in focus. For background correction 

a neighboring ROI region with no dendrite was chosen. Change in fluorescence intensity was 

measured and represented through the following ratio 
Δ𝐹

𝐹0
, where 

(𝐹 − 𝐹0) =  𝛥𝐹  

F0: fluorescence at resting conditions 

F: fluorescence during a transient 
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3.2.11 Preparation of interface setups and acute hippocampal slices 

Artificial cerebrospinal fluid (aCSF, see section 3.1.2) was first prepared and bubbled with 

carbogen (95% O2 - 5%CO2) for at least 20 minutes before use. In parallel, 20mL aCSF was 

separated in two 40mL beakers each and kept on ice while being continuously carbogenated. 

Meanwhile, the spatula, forceps and scissors were cooled down and the interface setups were 

prepared: the chamber was warmed to 32⁰C, the pump set at 0.5 mL / min speed and the 

aCSF level in the slice chamber was adjusted. Thereafter, the mouse was euthanized by CO2 

and decapitated. The brain was quickly isolated and placed in ice-cold aCSF in one of the 

beakers. After 1 min the brain was taken out, the cerebellum and the anterior 1/3 of the brain 

was removed using a scalpel and the two hemispheres were separated. Both the hemispheres 

were put back into ice-cold aCSF for 2 min. One of the hemispheres was then taken randomly 

and placed standing vertically. With the help of two rounded spatulas midbrain and thalamus 

were gently removed. With the hippocampus now in sight, one of the spatulas was placed 

under the fimbria hippocampus to loosen it and roll it out gently. The other spatula was used 

to separate the hippocampus from the cortex by cutting the subiculum. Next, the hippocampus 

was placed on a manual tissue slicer with the dorsal region perpendicular to the slicer blade. 

Transverse slices from each dorsal hippocampus (400 

μm) were prepared and transferred onto the nylon net 

in the interface chamber. For the experiments using 

Cdkl5 knockout mice, the left and right hemispheres 

were kept separate at all times, whereas for the other 

experiments the slices were mixed and randomly 

distributed between the setups. The chamber was 

maintained at 32 ± 0.3°C by a temperature controller 

(Scientific System Design) and perfused continuously 

with oxygenated ACSF for the entire duration of 

recovery and recording. The recovery period for slices 

usually lasted 2h except for younger 3 wks. old animals, 

where the slices were allowed to recover for 3h. For all 

fingolimod experiments in wildtype, 12-14 wks. (3 

months) old male mice were used and for the 

experiments with the Cdkl5 knockouts mice of different 

ages and sexes were used. While female heterozygous 

Cdkl5-/X mice were used at 10-12 wks. (2.5 - 3 months) 

of age, for male hemizygous Cdkl5-/Y mice three 

different age groups were studied, namely adults at 14-

Figure 3.4| Acute hippocampal 

slice preparation schematic. Each 

isolated hippocampus is placed 

perpendicular to the blade of the 

manual slicer such that smooth faced 

transverse slices of uniform 

thickness are obtained. Transverse 

slicing preserves the intra - 

hippocampal connections. (Adapted 

from: Berger et al., 2001) 
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16 wks., (3.5 - 4 months), young adults at 6-8 wks. (1.5 - 2 months) and the youngest at 3 - 4 

wks. (0.75 – 1 month) old.  

3.2.12 Extracellular field potential recordings 

The lamellar structure of the hippocampus makes it an ideal model for recording electrical 

activity of a population of neurons. In the transversely cut slices the intra-hippocampal network 

is mostly left intact and the different sub-regions can be distinguished. Extracellular recordings 

reflect change in potential in the extracellular space around a set of neurons. It is a result of 

altered membrane potential of a cell population occurring due to presynaptic activity. These 

population responses can be recorded using microelectrodes without disturbing the 

physiological state of neurons. 

In this study, all recordings were made in interface type chambers (Scientific System Design), 

where the slices rest at a gas/fluid interface with only a thin aCSF layer covering them while 

the surrounding space is kept humidified and saturated by oxygen. The setups themselves sit 

on vibration damping tables to avoid any external interference. For stimulation of Schaffer 

Collateral axons (synaptic inputs), a lacquer-coated stainless-steel microelectrode (5MΩ; AM 

Systems) was positioned in the stratum radiatum of the CA1. The evoked field excitatory post-

synaptic potentials fEPSP) were recorded using a second stainless-steel electrode (5MΩ; AM 

Systems) lowered onto CA1 apical dendritic layer (~100 μm deep). The signals were amplified 

by a differential amplifier (Model 1700, AM Systems) and digitized using a CED 1401 analog-

to-digital converter (Cambridge Electronic Design). The software “Intracell” was used for 

recording as well as analysis. 

 Input-output curve (I/O): The respective electrodes were lowered into a slice and a 

test fEPSP signal was evoked. After optimally adjusting their respective depths in the 

slice, the system was left undisturbed for 5 min. The first set of measurements for basal 

synaptic transmission was a synaptic input/output curve. For a defined afferent 

stimulus intensity (μA), the corresponding evoked fEPSP slope indicates the strength 

of the synaptic output from a population of CA1 neurons. A range of stimulus intensities 

(100 μA - 1000 μA) were given and the respective fEPSP potentials were noted. Once 

the maximum fEPSP response was detected, the test stimulus was then adjusted to 

elicit 40% of the max fEPSP and kept constant during the entire recording.  

 Baseline: After the input/output measurements, the slice was allowed to rest for 5-8 

min before baseline recording was initiated. A continuous set of responses evoked by 

test stimuli (40% of max fEPSP) were recorded. Four constant current test pulses in 5 

sec intervals (0.2 Hz) were given and the evoked fEPSP responses were averaged to 
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Figure 3.5| Schematic of CA1 field potentials recorded from an acute hippocampal slice. |A| 

Schematic of a transverse acute hippocampal slice displaying the different sub regions – CA1, CA3. In 

S.radiatum layer a stimulating electrode gives input pulses to the schaffer collaterals in order to generate 

responses in the CA1 dendrites as recorded by the recording electrode. An typical fEPSP recording 

consists of a stimulus artefact, fiber volley – a measure of compound action potential arriving at the 

recording site due to the stimulation and fEPSP slope – the corresponding synaptic response to the 

generated pre-synaptic action potentials as in A.1. To test short term synaptic plasticity paired-pulse 

paradigm with two consecutive pulses few milliseconds apart (here 40 ms) generate two fEPSP response 

curves as in A.2 where the second EPSP slope is larger than the first EPSP slope. For long term plasticity 

analysis slices undergo induction of long term potentiation (LTP) which results in a sustained increase in 

fEPSP slope as in A.3 that could last for several hours. |B| To induce LTP, Theta-burst stimulation (TBS) 

protocol is commonly used. Here, one train of TBS is schematically illustrated, which when repeated 

atleast 3 times 10 s apart induces LTP. 

3 times (each 10 s) 
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obtain a value for each minute. Baseline was recorded for at least 20 min after the slice 

responses recorded were stable (<5% variation).  

 Paired-pulse ratio (PPR): The paired-pulse paradigm was executed once a stable 

baseline of 10 min had been recorded. This protocol allows assessment of pre-synaptic 

properties. When an afferent pathway is stimulated with a set of two consecutive, 

closely spaced pulses, a characteristic increase in the second EPSP can usually be 

noted (Fig. 3.5). This is attributed to the small increase in pre-synaptic calcium 

following the first stimulus enhancing the probability of an action potential upon arrival 

of the second stimulus. Two stimuli (EPSP1 – conditioning pulse; EPSP2 – test pulse) 

of identical strength were delivered at varying inter-pulse intervals (100 ms, 80 ms, 60 

ms, 40 ms, 20 ms and 10 ms). The ratio of EPSP2 over EPSP1 was calculated and 

represented as paired-pulse ratio.  

𝐸𝑃𝑆𝑃 2

𝐸𝑃𝑆𝑃 1
= 𝑃𝑃𝑅 

 Long term potentiation (LTP): The baseline was continued further until at least 20 

min of stable baseline was recorded. After that, a protocol to induce long term 

potentiation (LTP) was applied. For this, theta-burst stimulation (TBS) was used as it 

is considered more physiological due to its resemblance with the naturally occurring 

theta rhythm in the hippocampus observed during periods of increased attention (Huang 

et al., 2005). A TBS train consists of 10 bursts of 4 pulses at 100 Hz with an inter-burst 

interval of 200 ms (Fig. 3.5). 3 TBS trains with 10 s inter-train interval were applied 

here to induce LTP (Fig. 3.5). Afterwards, the LTP recording was continued for at least 

60 min and represented as relative to the baseline recorded before induction.  

𝑓𝐸𝑃𝑆𝑃 (𝐿𝑇𝑃)

𝑚𝑒𝑎𝑛 𝑓𝐸𝑃𝑆𝑃 (𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒)
∗ 100 = 𝑓𝐸𝑃𝑆𝑃 𝑠𝑙𝑜𝑝𝑒 (𝑎𝑠 % 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒) 

3.2.12.1 Acute treatment with Fingolimod  

Two falcons were prepared and 25 mL of aCSF was separated into each. 10 µM Fingolimod 

(FTY720) dilution was prepared from 100 mM stock directly into one 25 mL aCSF falcon. 

Similar DMSO volume was also used to prepare the other 25 mL control aCSF falcon. A 

closed-loop configuration was set in the system where the inlet and outlet tubes both started 

and ended respectively in the falcon containing either FTY720 or DMSO. The aCSF was 

continuously carbogenated with a gas stone floating in each of the falcons. Acute slices from 

male C57Bl/6 mice were prepared as described in 3.2.8 and then transferred onto the closed-

loop interface setups. The slices were allowed to recover either in DMSO aCSF or FTY720 

aCSF for 2h. At the end of incubation, the closed-loop configuration was changed to open loop 
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and the aCSF was changed to the normal one (containing neither DMSO nor FTY720). The 

slices were allowed to equilibrate in the new aCSF for at least 20 min before lowering the 

electrodes into the slices. The time taken by the fresh aCSF to replace the old aCSF in the 

tubes and chamber (pre-calculated) was not included in the 20 min washout time. 

3.2.13 Golgi Staining  

3.2.13.1 Gelatin coating of glass slides 

Coating of glass slides with Gelatin can be done in advance and for bulk set of slides. First, 

gelatin solution was made by dissolving gelatin in 300 mL warm double distilled water (dd-

H2O). Then Chromalaun was added into the solution when it had cooled down to the room 

temperature. The volume was made up using the rest dd-H2O and the entire solution was 

thereafter filtered through filter paper and a funnel. Several glass slides were placed in a slide 

rack and rinsed using the Chromalaun-Gelatin for 1 minute. This step was repeated twice. The 

slides were then allowed to dry for 1h in a dry heat oven at 60°C. Finally, the slides were 

stored dust-free in a slide box for long-term use.  

3.2.13.2 Golgi staining procedure  

FD Rapid GolgiStainTM kit (FD Neurotechnologies Inc.) was used for Golgi staining of 

hippocampal sections from Cdkl5 knockout mice of different ages. The mice were deeply 

anaesthetized using CO2, decapitated and their brain was isolated. After rinsing the whole 

brain with 1X PBS, cerebellum as well as anterior 1/3 of the brain were separated using a 

sharp scalpel blade and discarded. The two hemispheres were then carefully separated, and 

each one was put in a separate falcon tube containing solution A+B (2 mL / hemisphere) 

prepared at least 24h earlier. The A+B solution was always kept in the dark and handled 

carefully with protection. 24 h later, the impregnation solution was replaced with 2 mL fresh 

impregnation solution. The hemispheres were then transferred into solution C (2 mL / 

hemisphere) after 3 weeks of incubation. The solution C was replaced once with fresh C 

solution after 24 h. After 3-4 days, each hemisphere was prepared for sectioning. In a 6 well 

culture plate one hemisphere was placed (posterior face down) in a well and freshly prepared 

and cooled agar solution was slowly added. This was repeated for all the hemispheres. The 

plate was then transferred to the refrigerator to facilitate agar gelling. Meanwhile, the 

vibratome (VT 1000S, Leica) was prepared and the sectioning chamber was filled with 6% 

sucrose solution.  Once the agar had solidified in the plate, one agar block was taken out of 

the well and edges were cut off to form a small agar cube holding the hemisphere. This block 

was thereafter glued onto the vibratome plate and transferred into the sectioning chamber. 

200 μm slices sectioned using the vibratome were transferred onto gelatin coated glass slides 

and left to dry naturally at RT. Once the slices were visibly dry (usually overnight in dark) the 
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staining procedure was carried on exactly as mentioned in the manual. Multiple rinsing steps 

followed by staining with D+E solution, serial dehydration using alcohol (50%, 75%, 95% and 

100% ethanol) and final clearing in xylene were all followed stepwise. At the end, Permount 

mounting medium (Fisher scientific) was added dropwise on the slide and covered with a cover 

slip. The slides were left to dry at RT in the dark for at least 2-3 days before imaging was done. 

For imaging, bright field microscopy was performed using an Axioplan microscope (Zeiss) 

equipped with an ApoTome module and a 63x objective (oil, NA 1.4) to capture images of 

second order dendritic branches from CA1 apical dendrites. The quantification of dendritic 

spine density was done using ImageJ as already described above. Due to my time constraints 

the imaging and spine density analysis was performed by a HiWi student. 

3.2.14 Data representation and statistics 

Each treatment was performed in duplicates or triplicates for each experimental set. Dataset 

was generated by grouping together at least three sets of independent experiments. The data 

was first gathered and tabulated using Microsoft Excel. They were then imported to Prism 6.0 

(GraphPad Software) for preparation of different types of graphs. Unless otherwise mentioned, 

all data are represented as mean + SEM (standard error of mean). When only two treatment 

groups were compared a two-tailed unpaired Student’s t-test was used. For comparison of 

more than two experimental groups, one-way ANOVA followed by a Bonferroni’s multiple 

comparisons post-hoc test was used. For Sholl Analysis measurements, a regular two-way 

ANOVA and for electrophysiological measurements two-way ANOVA with repeated measures 

was performed. The two-way ANOVAs were followed by a Bonferroni’s multiple comparisons 

post-hoc test. Significance was considered for p value < 0.05. The statistical test used for each 

experimental graph is stated in the respective figure legends. 
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4. 
 

 

Results 

The results acquired during the course of this thesis have been divided into three parts. The 

new roles of the immunomodulatory drug - Fingolimod in healthy and diseased neurons, were 

studied through several experiments in vitro. The results obtained are reported in Part A of 

this chapter. The second part (Part B) is dedicated to understanding the roles of p75NTR in 

mediating spine-pathology in Alzheimer’s disease.  Finally, a possible left-right asymmetry in 

the hippocampus of Cdkl5 transgenic mice was investigated by means of electrophysiological 

techniques and are included in Part C of this chapter.  

Part A| New roles of the immunomodulatory drug Fingolimod in health and 

disease 

4.1 Fingolimod and healthy neurons 

This first section describes the consequences of fingolimod treatment on the structure of 

healthy wild type (WT) neurons in culture. The cultures were prepared from embryonic 

hippocampi and were allowed to develop for 21 days in vitro (DIV) unless mentioned 

otherwise. At this age, neurons are considered structurally and functionally mature (Ivanov et 

Figure 4.1| DIV21 neurons 

are structurally and 

functionally mature. |A| A 

DIV 21 hippocampal neuron in 

culture expressing feGFP 

(Scale bar: 100µm) displays 

several |B| spine protrusions 

on its dendrites. Scale bar: 5µm. 

Near and at these spines |C1| 

pre-synaptic marker protein 

like SynapsinI/II and |C2| post- 

synaptic marker protein like 

PSD-95 respectively are 

localized. |C’| The overlapping 

staining of the two markers 

indicate functional synapses. 

Scale bar: 5µm 
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al., 2009; Cullen et al., 2010; Biffi et al., 2013) and display well defined cell soma, several branched 

dendrites decorated with spine protrusions as well as axonal branches with numerous synaptic 

boutons (Fig. 4.1 A, B). Moreover, functional synapses are identifiable with immunopositivity 

for pre-synaptic markers like synapsinI/II or synaptophysin and post-synaptic markers like 

PSD-95 and Homer (Fig. 4.1 C1, C2, C’). In addition, the neurons have formed network 

connections that display spontaneous synchronized firing with stable burst patterns visible via 

electrophysiological recordings or calcium imaging (Kellner et al., 2014; Biffi et al., 2013; Chiappalone 

et al.,2006). A few of these features of mature neurons were analyzed in the current study after 

application of the drug in its two known forms – Fingolimod (FTY720) and Fingolimod-

phosphate (FTY720-P) at different concentrations, 10 nM and 100 nM. 

4.1.1 Effect on morphology of mature hippocampal neurons 

4.1.1.1 Effect of Fingolimod-phosphate on dendritic morphology 

To investigate the effect of Fingolimod-Phosphate (FTY720-P) on the morphology of healthy 

hippocampal neurons, 21 DIV primary cultures were first transfected with feGFP and thereafter 

treated with 10 nM and 100 nM FTY720-P or respective DMSO controls for 24h. Healthy, non-

overlapping feGFP expressing neurons were selected (Fig. 4.2 A1 & 2, left panels) and used 

for analyzing dendrite complexity by performing the Sholl analysis (Fig. 4.2 A1 & 2, right 

panels). The cell body generally appears as a dense dark pyramidal shaped structure from 

which several primary dendrites originate (Fig. 4.2 A1 & 2, left panels). The primary dendrites 

further bifurcate into secondary and tertiary branches along their lengths (Fig. 4.2 A1 & 2, left 

panels). 

Upon treatment with 10 nM FTY720-P a higher complexity was observed in the proximal 

dendritic region of the treated neurons in comparison to the controls (Fig. 4.2 A1). However, 

this effect was not displayed by neurons treated with the higher, 100 nM FTY720-P 

concentration (Fig. 4.2 A1). For visualization of dendritic complexity with the Sholl analysis, 

number of intersections was plotted against the distance from cell soma. The increase in the 

number of dendritic intersections in 10 nM FTY720-P treated neurons was found to be 

statistically significant specifically for the portion of the dendritic tree closer to the soma (two-

way ANOVA, p = 0.0083; F1, 76 = 7.343; Fig. 4.2 B). The 100 nM FTY720-P treated neurons, 

however, did not differ significantly from its respective control (Fig. 4.2 C). But, surprisingly the 

two DMSO controls were observed to be significantly different (two-way ANOVA, p = 0.0397, 

F1, 80 = 4.371; Fig. 4.2 D). The higher DMSO100 control itself slightly albeit significantly, 

augmented the dendritic complexity of neurons closer to the cell body (Fig. 4.2 D). The total 

dendritic complexity measured as the sum of all dendritic intersections for each treatment 

group was plotted as shown in Fig. 4.2 E. While 10 nM FTY720-P exhibited a significantly 
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higher number of total intersections compared to DMSO10 control (one-way ANOVA, p 

=0.0134; F3, 157 = 3,685; Fig.  4.2 E; DMSO10: 330.8 ± 13.10 vs FTY720-P_10nM: 383.4 ± 

14.20), 100 nM FTY720-P was comparable to the DMSO100 control (Fig. 4.2 E; DMSO100: 

368.9 ± 12.59 vs FTY720-P_100nM: 392.9 ± 15.65). Also here, a mildly higher number of 

intersections was noted for DMSO100 in comparison to DMSO10 but it remained statistically 

non-significant (Fig. 4.2 E; DMSO10: 330.8 ± 13.10 vs DMSO100: 368.9 ± 12.59). Similar 

trends were also noted for the two DMSO controls in the measure of total dendritic length (Fig. 

4.2 F). Compared to the respective control treated neurons, 10 nM FTY720-P significantly 

enhanced total length of neuronal dendrites whereas 100 nM FTY720-P did not induce any 

change (one-way ANOVA, p =0.0085; F3, 157 = 4,036; Fig. 4.2 F; DMSO10: 3867 ± 142.9, 

FTY720-P_10nM: 4488 ± 166, DMSO100: 4360 ± 154.2 vs FTY720-P_100nM: 4645 ± 187). 
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Figure 4.2| Fingolimod-phosphate (FTY720-P) modulates neuronal morphology in mature 

hippocampal neurons. 21 DIV primary hippocampal neurons from healthy wild type BL/6J mice were 

transfected with feGFP and treated for 24h with DMSO or 10nM FTY720-P. |A| Representative inverted 

images (left) of feGFP expressing neurons treated with either |A1| DMSO 10 (above, black), 10nM FTY720-

P (below, magenta) |A2| DMSO 100 (above, grey) or 100nM FTY720-P (below, maroon). On the right of 

each image panel is the relative Neurolucida tracing used to perform the Sholl analysis as depicted by 

ascending concentric circles. Scale bar: 100µm. Sholl analysis displaying dendritic complexity plotted against 

distance from the cell soma for |B| DMSO 10 v/s 10 nM FTY720-P, |C| DMSO 100 v/s 100 nM FTY720-P 

and |D| DMSO 10 v/s DMSO 100. F value obtained from a two-way ANOVA comparison is mentioned in 

|B|. The graphs show |E| the total intersections and |F| total lengths of dendrites for the DMSO 10 (black), 

FTY720-P_10nM (magenta), DMSO 100 (grey) and FTY720-P_100nM (maroon) treated neurons. |F| 

Graphical representation of the spine density for as computed from each set of treated neurons. Example 

segments of secondary dendrites from feGFP transfected neurons used to analyze dendritic spine density 

are shown in |H|. Scale bar: 5µm. |I| The graph shows the distribution of different subtypes of dendritic spine 

across all treatment groups. The four spine types – mushroom (M), thin (T), stubby (S) and filopodia (F) as 

represented in the schematic, were quantified and represented as a fraction of total spines for neurons 

treated with DMSO 10 (black), FTY720-P_10nM (magenta), DMSO 100 (grey) and FTY720-P_100nM 

(maroon). All plots represent data as mean + SEM. Numbers in the bars indicate total number of neurons 

analyzed that were obtained from ≥3 sets of independent experiments. Two-way repeated measures 

ANOVA followed by Bonferroni post-hoc test was used in B, C, D & I. For E, F & G, one-way ANOVA with 

Bonferroni post-hoc was used. Significance is denoted as *p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 

0.0001 
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4.1.1.2 Effect of Fingolimod-phosphate on dendritic spines 

Next, it was investigated whether the active drug form - FTY720-P could also influence 

dendritic spines. For this purpose, feGFP transfected 21 DIV hippocampal neurons were 

imaged at a high magnification to quantify dendritic spine numbers on stretches of secondary 

branches (Fig. 4.2 H) in DMSO control and FTY720-P treated neurons. Visually, the spines 

appeared normal in structure and number (Fig. 4.2 H). Several spines of different subtypes 

could be clearly seen arising from the horizontal dendrites (Fig. 4.2 H). At a concentration of 

10 nM FTY720-P, a significant increase in spine density (~10%) was detected compared to 

the controls (one-way ANOVA, p < 0.0001; F3, 158 = 12,1; Fig. 4.2 G, H; DMSO10: 1.027 ± 

0.0283 vs FTY720-P_10nM: 1.137 ± 0.0299). Furthermore, the 10-times higher dose of 

FTY720-P 100 nM also significantly increased spine density by ~ 20% compared to its 

DMSO100 control (Fig. 4.2 G, H; DMSO100: 1.071 ± 0.0334 vs FTY720-P_100nM: 1.289 ± 

0.0373). Unlike dendritic morphology, no effect of a higher DMSO concentration was seen on 

the spine numbers (Fig. 4.2 G, H; DMSO10: 1.027 ± 0.0283 vs DMSO100: 1.071 ± 0.0334). 

Subsequently, to explore whether this concentration-dependent effect of FTY720-P was also 

visible on spine morphology, a spine distribution analysis was performed that classified 

dendritic spines into four known subtypes - mushroom, thin, stubby or filopodia-like (Fig. 4.2 I 

schematic). This categorization was based on spine length and spine head-to-neck ratios 

(Zagrebelsky et al., 2005). The spine-type distribution remained unaltered overall between the 

DMSO10 and FTY720-P 10 nM treatments (Fig. 4.2 I). However, in neurons treated with 100 

nM FTY720-P a significant rise in the proportion of mature-mushroom type spines was noted 

(two-way ANOVA, p < 0.0001; Fig. 4.2 I; DMSO: 0.591 ± 0.027 vs. FTY720-P: 0.735 ± 0.023). 

This enhancement also corresponded to a decrease in the fraction of thin-spines (Fig. 4.2 I; 

DMSO: 0.353 ± 0.023 vs. FTY720-P: 0.233 ± 0.021). The stubby and filopodia spine fractions 

remained unchanged. 

 

4.1.1.3 Effect of Fingolimod on dendritic morphology 

The non-phosphorylated form of Fingolimod (FTY720) is lipophilic in nature which allows it to 

cross the blood-brain barrier and the cellular lipid membrane making it the ideal drug form for 

administration in a clinical scenario. It was therefore important to inspect whether the non-

phosphorylated form of FTY720 could recapitulate the effects induced by the phosphorylated 

form on hippocampal neurons. Thus, additionally some sets of transfected DIV 21 neurons 

(Fig. 4.3 A) were treated with 10 nM and 100 nM FTY720 for 24h followed by Sholl analysis 

for dendritic complexity. As observed with the phosphorylated FTY720-P, FTY720 treatment 

also resulted in increased complexity of the proximal dendritic trees of hippocampal neurons 

(Fig. 4.3 A). The number of dendritic intersections were significantly higher in the 10 nM FTY 
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Figure 4.3| Treatment with the non-phosphorylated Fingolimod (FTY720) modulates neuronal 

architecture. |A| Representative Neurolucida tracings from feGFP positive hippocampal neurons from 

cultures treated either with 10 nM FTY720 (greenish blue) and 100 nM FTY720 (dark greenish blue) or 

respective DMSO 10 (black) and DMSO 100 (grey) controls for 24 h. These tracings were used for Sholl 

analysis. Scale bar: 100µm. Dendritic complexity shown by the number of dendritic intersections plotted 

against the distance from the soma for |B| DMSO 10 (black), FTY720_10nM (greenish blue), |C| DMSO 

100 (grey), FTY720_100nM (dark greenish blue) treated neurons. The F value shows the statistical 

comparison between the groups using two-way ANOVA.The graph represents |D| total dendritic complexity 

and |E| total dendritic length upon the differentially applied treatments. |F| Representative stretches from 

dendrites of feGFP transfected hippocampal neurons showing dendritic spine protrusions, treated either 

with DMSO 10, FTY720_10nM, DMSO 100 or FTY720_100nM for 24h. Scale bar: 5µm. |G| The graph shows 

dendritic spine density for the four sets of treated neurons. All data is plotted as mean + SEM. Numbers in 

the bars show total number of neurons analyzed, obtained from ≥3 sets of independent experiments. Two-

way repeated measures ANOVA followed by Bonferroni post-hoc test was used in B & C. For D, E and G 

one-way ANOVA with Bonferroni post-hoc was used. Denotations for significance are * p < 0.05, ** p < 0.01. 

. 
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treated neurons in comparison to the DMSO10 treated counterparts (two-way ANOVA, p = 

0.0256; F1.76 = 5.184; Fig. 4.3 B). Although the neurons in 100 nM FTY720 appeared slightly 

more complex than the controls, the dendritic complexity curves were not statistically 

significant (Fig. 4.3 A, C). Similarly, the number of total intersections (one-way ANOVA, p = 

0.0267; F3, 158 = 3,149; Fig. 4.3 D; DMSO10: 330.8 ± 13.10 vs FTY720_10nM: 373.4 ± 13.29) 

and the total dendritic length (one-way ANOVA, p = 0.0123; F3, 158 = 3,747; Fig. 4.3 E; 

DMSO10: 3867 ± 142.9 vs FTY720_10nM: 4385 ± 159.2) were significantly higher than in 

controls in neurons treated with FTY720 10 nM, but not with 100nM FTY720 concentration 

(Fig. 4.3 D; DMSO100: 368.9 ± 12.59 vs FTY720_100nM: 384.5 ± 12.36, 4.3 E; DMSO100: 

4360 ± 154.2 vs FTY720_100nM: 4563 ± 142.8).   

4.1.1.4 Effect of Fingolimod on dendritic spines 

Finally, the effect of non-phosphorylated FTY720 on dendritic spines was also evaluated by 

analyzing spine density on secondary dendrites of neurons treated either with 10 nM or 100 

nM FTY720 or with the respective DMSO controls. Also here, the spines appeared qualitatively 

normal in structure and number with different subtypes clearly identifiable (Fig. 4.3 F). The 

quantification showed a higher spine density upon FTY720 application. This increase was 

statistically significant for the 10 nM FTY720 concentration, but not for the 100 nM FTY720 

concentration (one-way ANOVA, p=0.0027; F3,159 = 4.912; Fig. 4.3 G; DMSO10: 1.027 ± 

0.0283, FTY720_10nM: 1.162 ± 0.0256, DMSO100: 1.071 ± 0.0335, FTY720_100nM: 1.162 

± 0.032). 

The overall results presented in 4.1.1 show the ability of fingolimod to mildly alter architecture 

of mature hippocampal neurons upon a 24h treatment. Importantly, this effect seems to be 

more prominent and statistically significant for lower concentrations of the drug 

4.1.2 Effect on intracellular signaling molecules 

To examine whether along with structural alterations fingolimod also induces changes in 

neuronal activity, immunofluorescence analysis of a few activity-regulated proteins was 

performed. These include two transcription factors namely - the immediate early gene (IEG) 

c-Fos, phosphorylated cAMP response element binding protein (CREB) as well as an effector 

kinase - phosphorylated extracellular signal-related kinase (pERK1/2). Following FTY720 or 

FTY720-P treatment, DIV 21 hippocampal neurons were fixed and immuno-stained for the 

target proteins.  

4.1.2.1 Transcription factor c-Fos 

c-Fos is a nuclear phosphoprotein belonging to the Fos family of immediate early genes 

(IEGs). It can complex with Jun/AP-1 to form a transcription factor with high DNA-binding 
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affinity (Rauscher et al., 1988). The expression of c-fos mRNA and protein are induced rapidly in 

response to a stimulus and regulate downstream expression of several genes. Under baseline 

conditions, neurons are known to express no or very little c-Fos (Morgan & Curran, 1989) but upon 

neuronal firing or activity its expression is considerably upregulated. In this set of experiment, 

primary hippocampal neurons were treated with 10 and 100 nM FTY720 or FTY720-P along 

with respective DMSO controls for 24h and then co-stained with neuronal marker MAP2 and 

c-Fos. C-Fos-immunopositive nuclei appeared as small round dots dispersed in a field of view, 

in a subset of neurons (Fig. 4.4 A, left). MAP2, on the other hand was expressed by the soma 

and dendritic extensions of all neurons in the culture (Fig. 4.4 A, center). When MAP2+ neurons 

were merged with c-Fos+ cells, a clear nuclear localization of c-Fos was identifiable (Fig. 4.4 

Figure 4.4| c-Fos+ neuronal fraction |A| 

Images of fields of view (FOV) from 

hippocampal cultures treated for 24h 

either with DMSO, FTY720-P or FTY720 

as mentioned. These were 

immunostained for c-Fos (left) and MAP2 

(middle) with their respective merged 

images (right). The arrows indicate c-Fos 

expressing MAP2 positive neurons. Scale 

bar: 100 µm. |B| Graph comparing the 

normalized number of c- Fos+ cells over 

total MAP2+ neurons between all test 

groups. All plots represent data as mean 

+ SEM. Numbers in the bars indicate total 

FOV analyzed, obtained from ≥3 sets of 

independent experiments. One-way 

ANOVA with Bonferroni post-hoc was 

used. Significance is denoted as **** p < 

0.0001. 

A B 
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A, right). In comparison to DMSO treated neurons, FTY720-P treatment resulted in a higher 

number of neurons displaying c-Fos immunopositivity (Fig. 4.4 A). This increase was almost 

2-fold for 10 nM FTY720-P treatment and about 1.5 fold for 100 nM FTY720-P treatment (Fig. 

4.4 B). Nonetheless, statistical testing revealed a significance only for the lower 10 nM 

FTY720-P concentration (one-way ANOVA, p<0.0001; F2,186 = 13.62; Fig. 4.4 B; DMSO10: 

1.000 ± 0.0856, FTY720-P_10nM: 1.975 ± 0.2174, DMSO100: 1.000 ± 0.1209, FTY720-

P_100nM: 1.589 ± 0.02536). In contrast, the c-Fos+ fraction remained at the level of control 

for the treatment with 10nM non-phosphorylated FTY720 (Fig. 4.4 A, B; FTY720_10nM: 1.016 

± 0.1278). Although at 100nM, non-phosphorylated FTY720 enhanced the number of c-Fos+ 

neurons this did not reach statistical significance compared to the control (one-way ANOVA, 

p=0.0994; F2,182 = 2.338; Fig. 4.4 A, B; FTY720_100nM: 1.413 ± 0.2373).  

4.1.2.2 Transcription factor pCREB 

 cAMP response element binding protein (CREB) is a nuclear protein that in its phosphorylated 

state, binds with CRE element of numerous genes inducing CRE-mediated transcription 

(Sakamoto et al., 2011). In neurons, several genes critical for development and plasticity carry 

CRE binding element and are regulated by pCREB in the nucleus (Sakamoto et al., 2011). The 

phosphorylation of CREB into pCREB is driven by several activity-dependent kinases hence 

making it an indirect marker of neuronal activity (Sakamoto et al., 2011). To assess whether 

Figure 4.5| Fraction of pCREB+ neurons. |A| Inverted images of fields of view (FOV) displaying pCREB 

staining. These FOV were obtained for cultures treated for 24h with DMSO 10 (black), FTY720-P_10nM 

(magenta), FTY720_10nM (greenish blue), DMSO 100 (grey), FTY720-P_100nM (maroon) and 

FTY720_100nM (dark greenish blue). |B| Quantitative representation of relative pCREB expressing cells 

over total number MAP2 neurons in each FOV analyzed. The graph data is shown as mean + SEM. 

Numbers in the bars indicate total FOV analyzed, obtained from ≥3 sets of independent experiments. 

One-way ANOVA with Bonferroni post-hoc was used. 
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fingolimod could induce pCREB increase, its expression was analyzed in MAP2+ hippocampal 

neurons 24h after drug or control treatment. By means of immuno-staining, pCREB was found 

to be present not only in the nucleus but also in neuronal dendrites in lower amounts as 

distinguishable by a dense bright staining of the nucleus versus a diffused staining in the 

dendrites (Fig. 4.5 A). Neither FTY720 nor FTY720-P altered pCREB expression upon 

treatment in comparison to the controls (Fig. 4.5 B; DMSO10: 1.000 ± 0.0972, FTY720-

P_10nM: 1.003 ± 0.1743, FTY720_10nM: 1.023 ± 0.1771, DMSO100: 1.000 ± 0.1465, 

FTY720-P_100nM: 1.057 ± 0.1843, FTY720_100nM: 1.181 ± 0.1437). Though higher 

concentrations of both drug forms – FTY720_100nM and FTY720-P_100nM resulted in a 

slight increase in the number of pCREB+ hippocampal neurons, these were statistically not 

significant (one-way ANOVA, p=0.9612; F5,264 = 0.2026; Fig. 4.5 B). 

4.1.2.3 pERK1/2 

In addition to the abovementioned transcription factors, another class of important molecules 

that regulate plasticity related intracellular signaling in response to neuronal activity are the 

extracellular regulated kinases (ERKs) (Thomas & Huganir, 2004; English & Sweatt, 1996; Davis et al., 

2000). ERKs convert extracellular stimuli into cellular responses by interaction with intracellular 

signaling molecules either directly like CREB or indirectly via finely regulating activation of 

other genes like c-fos (Shan et al., 2015; Monje et al., 2005) In this context, Deogracias et al. 

previously reported an increase in ERK1/2 phosphorylation caused by FTY720-P treatment of 

primary cortical neurons (Deogracias et al., 2012). Consequently, we also tested if different 

concentrations of fingolimod could enhance pERK1/2 levels in hippocampal neurons. For this 

purpose, 10 nM and 100 nM FTY720 or FTY720-P were applied to DIV 21 primary cultures in 

parallel with their respective controls. Since ERK phosphorylation is generally rapid and 

transient, the cultures were fixed 30 min after respective treatments and immunostained for 

pERK1/2 along with MAP2. Localization of pERK1/2 immunopositivity was mainly identified in 

the cytoplasm with faint staining of the nucleus in all the test groups (Fig. 4.6 A). Neither of 

the two FTY720-P concentrations could produce a significant change in pERK1/2+ neuronal 

fraction (Fig. 4.6 B; DMSO10: 1.000 ± 0.06396, FTY720-P_10nM: 0.7498 ± 0.0705, 

DMSO100: 1.000 ± 0.07469, FTY720-P_100nM: 0.7687 ± 0.08603). Also, pERK1/2+ neurons 

in 10 nM FTY720 treated cultures were comparable to those in the DMSO control cultures 

(Fig. 4.6 B; DMSO10: 1.000 ± 0.06396, FTY720_10nM: 0.8692 ± 0.0558). In stark contrast, 

application of 100 nM FTY720 significantly augmented the number of pERK1/2+ neurons 

which was interestingly, similar to the one observed upon an acute treatment with BDNF (one-

way ANOVA, p<0.0001; F8,432 = 19.5; Fig. 4.6 B; FTY720_100nM: 01.862 ± 0.1214, 

BDNF_40ng: 1.825 ± 0.1876). It is noteworthy that in both FTY720_100nM and BDNF treated 

cultures, qualitatively the neurons exhibited a more intense pERK1/2 staining in the cytoplasm  
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and nucleus as well as a diffused fluorescence in the initial segments of primary dendrites 

(Fig. 4.6 A). Thereafter, it was probed if BDNF signaling was involved in FTY720 induced 

pERK1/2 enrichment. Hence, another set of cultures were treated for 30 min with 100 nM 

FTY720 in the presence of BDNF-scavenging TrkB-Fc receptor bodies in addition to a 

DMSO_TrkB-Fc control (Fig. 4.6 B). Surprisingly, the co-application of TrkB-Fc receptor 

bodies indeed lowered the pERK1/2+ neuronal fraction significantly (Fig. 4.6 A). Although it 

did not reach control levels, nevertheless the reduction was significant indicating a role of 

BDNF signaling in this effect of Fingolimod (Fig. 4.6 B; DMSO + TrkB-Fc: 1.000 ± 0.07079, 

FTY720_100nM + TrkB-Fc: 1.291 ± 0.07765). 

 

 

Figure 4.6| pERK1/2 expression 

30min post-treatment. |A| 

Example images of fields of view 

(FOV) from primary hippocampal 

cultures stained with anti phospho-

ERK1/2 antibody 30min post-

application of one of the following: 

DMSO 10 (black), FTY720-P_10nM 

(magenta), FTY720_10nM 

(greenish blue), DMSO 100 (grey), 

FTY720-P_100nM (maroon), 

FTY720_100nM (dark greenish 

blue), DMSO_100 + TrkB-Fc (grey, 

open), 100nM FTY720 + TrkB-Fc 

(dark greenish blue, open) or 40ng 

recombinant BDNF protein (pink) as 

a positive control. Scale bar: 100 µm. 

|B| The graph displays fraction of 

pERK1/2 expressing neurons 

relative to the total number of 

MAP2+ neurons. The data is 

normalized to the respective 

controls and compared between the 

different treatment groups. Data is 

plotted as mean + SEM. Numbers in 

the bars show total number of FOV 

analyzed, obtained from ≥3 sets of 

independent experiments. One-way 

ANOVA with Bonferroni post-hoc 

was used. Denotations for 

significance are **** p < 0.0001 
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 4.1.3 Effect on activity of mature hippocampal neurons 

Based on its ability to alter the expression of activity-related proteins like – cfos and pERK, it 

can be hypothesized that fingolimod may act by modifying neuronal activity. Moreover, 

previous studies report the positive modulation of the network activity in cultured cortical 

neurons by FTY720-P (Deogracias et al., 2012).  Hence, to examine the activity of mature 

hippocampal neurons upon treatment with fingolimod, live imaging of individual neurons was 

done to record spontaneous calcium transients in dendritic spines. Calcium is an important 

intracellular messenger that can either trigger neurotransmitter release pre-synaptically, 

regulate ion channel functions post-synaptically or even induce cascades driving gene 

transcription both pre and post synaptically. Therefore, spatial and temporal distribution of 

Ca2+ ion can provide insights into synaptic activity mediated alterations in response to a 

stimulus. Genetically encoded Ca2+ binding indicators are a widely used tool to evaluate 

changes in intracellular Ca2+ as a measure of fluorescent intensity change (ΔF).  

 

4.1.3.1 Effect of Fingolimod-phosphate on spine calcium dynamics  

First, GCaMP5 expressing DIV 21 hippocampal neurons were treated with DMSO or FTY720-

P for 24h. Changes in fluorescence levels, as a read out for spine Ca2+ and spontaneous 

activity were recorded thrice, for each neuron in 10 min intervals and signal amplitude and 

frequency were then extracted. Both the average amplitude as well as the average frequency 

of spine Ca2+ transients over time was comparable between the two experimental groups (Fig. 

4.7). Then, it was studied whether FTY720-P could induce changes in spine calcium signals 

on an acute time-scale. GCaMP5 transfected hippocampal neurons were live imaged before 

and during application of DMSO or 100 nM FTY720-P. Following drug application, recordings 

were made at 15 min, 30 min, 45 min and 60 min. Normalization was done for each treatment 

to the time point before application respectively denoted as Tbefore (Tbef).  DMSO treated 

cells display a mild increase in signal amplitude with increasing time compared to Tbef (Fig. 

4.8 A). This corresponded to fluctuations in signal frequency throughout the recording time 

(Fig. 4.8 B). The FTY720-P treated cells displayed a constant amplitude and frequency over 

Figure 4.7| Calcium activity remains unaltered 

upon Fingolimod-phosphate (FTY720-P) 

application. After 24h treatment with DMSO or 

100nM FTY720-P, spontaneous spine calcium 

activity was recorded. Quantification of |A| 

amplitude and |B| frequency revealed no difference 

between the experimental sets. Data is plotted as 

mean + SEM. Numbers in the bars show total 

number of neurons analyzed. 
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time except at T30 where an increase in amplitude accompanied by a mild decrease in 

frequency was detected (Fig. 4.8 A, B). However, overall the FTY720-P treatment was not 

significantly different from the DMSO treatment. Furthermore, it was investigated whether a 

change in calcium activity could be prominent at later time points. Thus, another set of 

experiments were performed where control or drug were bath applied for a total of 3 h. 

Recordings were made once every hour, once before and thrice after drug application (Fig. 

4.8 C, D). The calcium signals remained stable in amplitude as well as frequency for the 3h 

recording period indicating healthy viable cells. No differences in amplitude and frequency of 

Ca2+ transients could be observed in DMSO vs FTY720-P treated neurons (Fig. 4.8 C, D). 

4.1.3.2 Effect of Fingolimod on spine calcium dynamics  

The pERK1/2 expression shows a significant increase after 30min treatment with 100 nM 

FTY720. To assess whether this increase correlates to an increase in calcium transient 

amplitude and/or frequency, an acute treatment with 100 nM FTY720 was performed. Calcium 

transients were recorded at a time point before treatment and every 15 min for 1 h after the 

Figure 4.8| Acute calcium activity remains unaltered upon Fingolimod-phosphate 

(FTY720-P) application. Graphs displaying spontaneous spine calcium in GCaMP5 

transfected neurons treated either with DMSO 100 (grey) or 100 nM FTY720-P (maroon). 

Recordings were made for 1h during treatment and used to obtain |A| normalized amplitude 

& |B| normalized frequency. |C & D| The same factors were also calculated for recordings 

that measured calcium signals for respective treatments lasting 3h. Data is plotted as mean 

+ SEM. Numbers in the bars show total number of neurons analyzed. Statistics employed 

two-way ANOVA with repeated measures. 

 



Results  | 67 

 

 

start of treatment. This time scheme was divided and represented as Tbefore, T15, T30, T45 

and T60 as shown in the graphs. Like before, DMSO 100 treatment displayed a time-

dependent increase in amplitude of spine calcium signals after beginning of application (Fig. 

4.9 A), associated to minor fluctuations in corresponding frequency (Fig. 4.9 B). Also, the 

FTY720 application depicted a time dependent increase in signal amplitude (Fig. 4.9 A). The 

signal frequency showed a mild increase at 15 min which remained more or less constant 

throughout the 1 h recording (Fig. 4.9 B). However, overall the FTY720 treated hippocampal 

neurons did not show any significant difference in spontaneous spine calcium signals in 

comparison to the DMSO treated neurons during the recording period. 

4.1.3.3 Effect of Fingolimod on hippocampal field potentials 

Another technique to study neuronal activity comprises stimulating a population of neurons to 

evoke field excitatory post synaptic potentials (fEPSPs). A previous study showed the ability 

of FTY720 to significantly enhance long term potentiation (LTP) at the CA3-CA1 Shaffer 

collaterals (Hait et al., 2014) pathway thereby suggesting its potential ability to promote neuronal 

activity. Here, acute hippocampal slices from WT C57Bl/6J mice were prepared and incubated 

in aCSF containing either DMSO or FTY720 during the recovery period. Unlike monolayer in 

neuronal culture systems, acute slices are significantly thicker and have to be penetrated by 

pharmacological agents for bio-availability. Hence a higher concentration of 10 µM FTY720 

was used to overcome this issue and enhance availability in slices. After 2h of recovery, the 

slices were subjected to different recording paradigms (see methods). An input/output curve 

was first obtained to study the viability of hippocampal slices pre-treated with either DMSO or 

FTY720. The fEPSP slopes at varying current stimuli indicate efficacy of neurotransmitter 

Figure 4.9| Acute calcium activity remains unchanged upon Fingolimod (FTY720) 

application. Graphs displaying spontaneous calcium activity recorded from dendritic spines 

of GCaMP5 transfected neurons. Recordings were made for 1h during bath application of 

either with DMSO 100 (grey) or 100 nM FTY720 (dark greenish blue). These calcium signals 

were used to calculate |A| normalized amplitude & |B| normalized frequency. Data is plotted 

as mean + SEM. Numbers in the bars show total neurons analyzed. Statistics employed 

two-way ANOVA with repeated measures. 
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release and the corresponding post-synaptic response to the activated pre-synaptic fibers at 

a particular stimulus current. This response was not different for slices treated with FTY720 

when compared to slices treated with DMSO (Fig. 4.10 A). Next, paired-pulse ratio was 

evaluated for two consecutive test pulses given with different inter-stimulus intervals – 10 ms, 

20 ms, 40 ms, 60 ms, 80 ms and 100 ms. The ratios provide a measure of short term 

potentiation and are indicative of pre-synaptic calcium dynamics. The ratios for the two groups 

of treated slices were comparable (Fig. 4.10 B). Lastly, a stable baseline lasting up to at least 

20 min was recorded before applying TBS (see methods) to induce LTP. The FTY720 pre-

treated slices displayed a slightly higher LTP than the DMSO treated slices (Fig. 4.10 C). This 

increase visible for the first 20 min after induction was however, statistically not significant 

(two-way ANOVA, p = 0.4853; F1,21 = 0.5946; Fig. 4.10 C). At the succeeding stages of LTP, 

the two curves overlapped with each other displaying no differences resulting from the 

respective treatments (Fig. 4.10 C) in the maintenance phase of LTP.  

In summary, results from sections 4.1.2 and 4.1.3 indicate a modulation of neuronal activity 

resulting from fingolimod application that is made visible via expression studies of activity-

dependent proteins but not with spine calcium and slice electrophysiology.  

4.2 Role of fingolimod on neuronal architecture in different neurological disease 

models 

So far, the results show the ability of fingolimod to alter neuronal architecture of healthy mature 

neurons in a BDNF-dependent manner. It was next inquired whether this effect could also be 

Figure 4.10| Hippocampal 

excitatory field potentials are 

unaffected after Fingolimod 

(FTY720) treatment. Slices pre-

treated with DMSO (black) or 10 µM 

FTY720 (violet) for 2h, were 

stimulated to elicit fEPSPs which 

were then recorded and compared. 

Different excitatory paradigms used 

were |A| input-output curve at 

different stimulus strength, |B| paired 

pulse ratio at varying inter stimulus 

intervals and |C| long term 

potentiation induced using TBS after 

20min of stable baseline recording. 

Data is plotted as mean ± SEM. ‘N’ 

indicates total animals used and ‘n’ 

the total number of slices recorded. 

Statistics employed two-way ANOVA 

with repeated measures. 
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reproduced in neurons under pathological conditions. For this, I tested the ability of FTY720-

P to rescue or prevent the morphological abnormalities in neurons in two different 

neurodevelopmental disorders and a neurodegenerative disorder, each of which is associated 

with structural alterations and deficiency in BDNF.  

4.2.1 Rett Syndrome (RTT) 

Transgenic mouse models lacking the Mecp2 protein are used as a disease model for studying 

RTT disorder. For our experiments, primary dissociated neurons from the cortex of Mecp2-/y 

and WT mice were cultured at low-cell densities. The cultures were fixed after one week and 

immunostained for MAP2 to allow visualization of stable neuritic arbors.  The loss of Mecp2 

has been previously reported to cause alterations in neuronal structure (Kishi & Macklis 2004, 

2010; Baj et al., 2014). Hence, I first looked at whether this impairment is also detectable in DIV 7 

cortical cultures in our experimental setup. Single isolated neurons were imaged and used for 

Sholl analysis of neurite complexity (Fig. 4.11 B). At DIV 7 WT neurons already displayed 

multiple neurites arising from the cell soma (Fig. 4.11 B). These neurites were short and 

showed some degree of branching (Fig. 4.11 B). Qualitatively, Mecp2-/y neurons appeared 
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remarkably smaller with shorter as well as fewer neurites in comparison to WT neurons (Fig. 

4.11 B). When neurite complexity was quantified using the Sholl analysis, Mecp2-/y neurons 

were found to have a significantly lower neuritic complexity than their WT littermate controls 

(two-way ANOVA, p<0.0001; F3,7826 = 137.4; Fig. 4.11 C, D). This was also depicted in the 

significantly lower total complexity of neurites of Mecp2-/y compared to the one of WT neurons 

(one-way ANOVA, p<0.0001; F3,560 = 43.11; Fig. 4.11 G; WT: 41.02 ± 1.221, Mecp2-/y: 26.13 

± 0.9886). While on the one hand, WT neurons had 9.29 ± 0.2442 primary neurites growing 

from the cell body, neurons lacking Mecp2 only had an average of 8.30 ± 0.2507 primary 

protrusions, about ~11 % lesser and statistically significant (one-way ANOVA, p=0.0005; F3,564 

= 6.042; Fig. 4.11 H). The total length of neurites in these knockout neurons was also 

significantly lower compared to the controls (one-way ANOVA, p<0.0001; F3,560 = 49.24; Fig. 

4.11 I; WT: 455.7 ± 12.93, Mecp2-/y : 279.6 ± 10.69). 

Further, to assess whether a treatment with FTY720-P could rescue the structural impairments 

observed in Mecp2-/y developing neurons, cortical cultures were treated with 10 nM FTY720-

P starting at DIV 0 for one week as depicted in Fig. 4.11 A. Qualitatively, WT neurons treated 

with FTY720-P were comparable to control treated WT neurons (Fig. 4.11 B). This was also 

seen in the quantification performed by Sholl of their neurite intersections (Fig. 4.11 C, F), total 

complexity (Fig. 4.11 G; WT: 41.02 ± 1.221, WT + FTY720-P: 42.25 ± 1.307) and total neurite 

length (Fig. 4.11 I; WT: 455.7 ± 12.93, WT + FTY720-P: 467.8 ± 14.95). Though WT neurons 

treated with FTY720-P showed a mild increase in the number of primary neurites, it was 

statistically not significant (Fig. 4.11 H; WT: 9.29 ± 0.2442, WT + FTY720-P: 9.780 ± 0.3909). 

Figure 4.11| Fingolimod-phosphate (FTY720-P) completely rescues the neuronal architecture 

in developing Mecp2-/y cortical neurons. Young DIV 7 cortical neurons from Mecp2-/y mice or 

littermate wild type (WT) controls were allowed to develop with either DMSO alone or with 10 nM 

FTY720-P for one week. |A| The diagram shows the scheme of treatment from DIV 0 – day of culture 

preparation and treatment through DIV 1 to DIV 7. |B| Micrographs show representative MAP2 

fluorescent images of DIV 7 WT and Mecp2-/y cortical neurons treated as mentioned. Scale bar: 50 µm. 

Neurite complexity plotted as number of neurite intersections against the distance from the soma for: 

|C| all four test groups- WT (black), WT neurons treated with 10 nM FTY720-P (gray), Mecp2-/y (dark 

green) and Mecp2-/y neurons treated with 10 nM FTY720-P (light green). F value from two-way ANOVA 

analysis for comparison between all sets is mentioned in the graph. For better visualization of 

differences, the Sholl curves are also plotted separately: |D| WT (black) and Mecp2-/y (dark green) 

neurons |E| Mecp2-/y neurons treated with 10nM FTY720-P (light green) v/s DMSO controls (dark 

green) and |F| WT neurons treated with 10 nM FTY720-P (gray) v/s DMSO controls (black). |G| Total 

intersections, |H| number of neurites and |I| total length of neurites as computed for WT neurons 

treated with DMSO (black) or FTY720-P (gray) and of Mecp2-/y neurons treated with DMSO (dark 

green) or FTY720-P (light green). Data in graphs is plotted as mean + SEM. ‘n’ and numbers in the 

bars show total number of neurons analyzed for each genotype and treatment, obtained from ≥3 sets 

of independent experiments. Two-way ANOVA followed by Bonferroni post-hoc test was used in A. 

For G, H and I one-way ANOVA with Bonferroni post-hoc was used. Significance are * p < 0.05, *** p 

< 0.001, **** p < 0.0001. (Taken from Patnaik et al, 2020a)  
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Interestingly, Mecp2-/y neurons that had developed in the presence of FTY720-P no longer 

displayed an impaired morphology (Fig. 4.11 B). Their neurites rather appeared longer and 

more in number (Fig. 4.11 B). Moreover, this also reflected in the quantification of their neurite 

intersections via Sholl analysis (Fig. 4.11 E) and total complexity (Fig. 4.11 G; Mecp2-/y + 

FTY720-P: 38.74 ± 1.098), which significantly improved almost to WT level (Fig. 4.11 C, D; 

WT + FTY720-P: 42.25 ± 1.307). In addition, both average neurite number (Fig. 4.11 H; WT: 

9.29 ± 0.2442, WT + FTY720-P: 9.780 ± 0.3909, Mecp2-/y: 8.30 ± 0.2507, Mecp2-/y + FTY720-

P: 9.752 ± 0.2274) and their total length (Fig. 4.11 I; WT: 455.7 ± 12.93, Mecp2-/y: 279.6 ± 

10.69, WT + FTY720-P: 467.8 ± 14.95, Mecp2-/y + FTY720-P: 417.2 ± 349 11.79), improved 

significantly in the Mecp2-/y cultures treated with FTY720-P compared to control treated ones.  

4.2.2 Cdkl5 deficiency disorder (CDD) 

The next disease model used was for Cdkl5 deficiency disorder. Mice carrying a knockout 

mutation for Cdkl5 gene were used to prepare low density cortical cultures. Cdkl5-/y and WT 

controls were fixed at DIV 7 and immuno-stained for MAP2 (Fig. 4.12 B). These young neurons 

displayed similar basic features as already described above. The Cdkl5-/y neurons however, 

were visibly simpler in their morphology as a result of shorter primary neurites (Fig. 4.12 B). 
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The Sholl analysis showed significantly lower neurite complexity (two-way ANOVA, p < 

0.0001; F3,11373 = 32.07, Fig. 4.12 C, D) and reduced total number of intersections compared 

to the WT controls (one-way ANOVA, p<0.0001; F3,669 = 10.48; Fig. 4.12 G; WT: 45.51 ± 1.306, 

Cdkl5-/y: 37.18 ± 1.104). This deficit of Cdkl5-/y neurons was also significant regarding the total 

neurite length (p<0.0001; F3,670 = 10.48; Fig. 4.12 I; Cdkl5-/y: 427.2 ± 12.53, WT: 526.1 ± 14.77) 

but not for the number of primary neurites (one-way ANOVA, p = 0.3235; F3,669 = 1.162; Fig. 

4.12 H; WT: 9.086 ± 0.3673, Cdkl5-/y: 8.804 ± 0.3707). 

To further analyze if FTY720-P treatment could rescue the structural deficits in Cdkl5-/y 

neurons, the cultures were allowed to develop in presence of the drug (Fig. 4.12 A). Treatment 

with FTY720-P did not show any identifiable changes in the overall appearance in the WT 

neurons (Fig. 4.12 B) and also no alteration in neurite complexity in the Sholl analysis, the 

number of total intersections (Fig. 4.12 G; WT: 45.51 ± 1.306, 360 WT + FTY720-P: 45.17 ± 

1.393) as well as total neurite length (Fig. 4.12 I; WT: 526.1 ± 14.77, WT ± FTY720-P: 514.7 

± 15.48). The number of primary neurites in FTY720-P treated WT neurons showed a small 

enhancement, although this was statistically non-significant (one-way ANOVA, p = 0.3235; 

F3,669 = 1.162; Fig. 4.12 H; WT: 9.086 ± 0.3673, WT + FTY720-P: 9.780 ± 0.3909). In contrast, 

a significant increase in neurite complexity was measured in Cdkl5-/y neurons upon treatment 

with FTY720-P (two-way ANOVA, p < 0.0001; F3,11373 = 32.07; Fig. 4.12 B, C, E). While the 

mild increase seen in total neurite intersections for FTY720-P treated Cdkl5-/y neurons was 

statistically non-significant (one-way ANOVA, p<0.0001; F3,669 = 10.48; Fig. 4.12 G; Cdkl5-/y: 

37.18 ± 1.104, Cdkl5-/y + FTY720-P: 40.63 ± 1.204), the total neurite length reflected a 

significant improvement in comparison to the untreated knockout neurons (p<0.0001; F3,670 = 

Figure 4.12| Fingolimod-phosphate (FTY720-P) mildly rescues neuronal morphology of young 

cortical neurons from Cdkl5-/y mice. Young DIV7 cortical cultures from Cdkl5-/y or littermate wild type 

(WT) mice were cultivated in presence of DMSO alone or 10 nM FTY720-P in the culture medium. |A| 

The diagram shows the treatment scheme from DIV 0 to DIV 7: culture preparation on DIV 0, treatment 

from DIV 1 onwards and fixation on DIV 7. |B| Micrographs display representative MAP2+ cortical 

neurons at DIV 7. Scale bar: 50 µm. |C| Neurite complexity was analyzed for both genotypes treated with 

DMSO and FTY720-P. These were plotted as number of intersections against distance from the cell 

soma. F value for two-way ANOVA comparison between the four sets is mentioned. The Sholl curves 

for each treatment set are also displayed separately |D| WT (black) v/s Cdkl5-/y (dark red), |E| Cdkl5-/y 

neurons treated with 10 nM FTY720-P (rosa) v/s DMSO (dark red), |F| WT neurons treated with 10 nM 

FTY720-P (gray) v/s DMSO controls (black). |G| Total neurite intersections, |H| number of neurites and 

(I) total length of neurites as computed for WT neurons treated with DMSO (black) or FTY720-P (gray) 

and Cdkl5-/y neurons treated with DMSO (dark red) or FTY720-P (rosa). Data is presented as mean + 

SEM. ’n’ represents total number of neurons analyzed for each genotype and treatment, obtained from 

≥3 sets of independent experiments. Two-way ANOVA followed by Bonferroni post-hoc test was used 

in A. For G, H and I one-way ANOVA with Bonferroni post-hoc was used. Denotations for significance 

are * p < 0.05, **** p < 0.0001. (Taken from Patnaik et al, 2020a) 
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10.48; Fig. 4.12 I; Cdkl5-/y: 427.2 ± 12.53, Cdkl5-/y + FTY720-P: 478.1 ± 13.89). The average 

number of primary neurites only showed a slight and non-significant increase in FTY720-P 

treated Cdkl5-/y neurons (one-way ANOVA, p = 0.3235; F3,669 = 1.162; Fig. 4.12 H; Cdkl5-/y: 

8.804 ± 0.3707, Cdkl5-/y + FTY720-P: 9.166 ± 0.4110).   

4.2.3   Alzheimer’s disease (AD) 

The third neurological condition chosen was Alzheimer’s disease, a progressive 

neurodegenerative disease. Lower levels of BDNF have been consistently reported in AD to 

correlate with compromised neuronal structure and function. Since existing literature suggests 

the memory loss observed in AD as a possible outcome of an abnormal dendritic spine 

phenotype, it was specifically tested whether fingolimod may protect against spine pathology 

observed in the early phases of disease. 

4.2.3.1 Effect of Amyloid-β on dendritic spines 

To create an in vitro system mimicking the dendritic spine pathology observed in early AD, 

DIV 21 hippocampal cultures transfected with feGFP were exposed to Amyloid-β (Aβ1-42) 

oligomers. First, to identify a pathologically effective concentration of Aβ1-42, a concentration 

curve was obtained by applying oligomers at concentrations of 0 nM (control), 10 nM, 50 nM, 

100 nM and 500 nM for 6 h. Different features of dendritic spines were analyzed – spine 

density, spine length and spine head width post Aβ1-42 or control treatment. Secondary 

dendrites from healthy looking transfected neurons (selected as previously mentioned) were 

chosen for analysis throughout the different treatment groups (Fig. 4.13 A, feGFP, top panel). 

The photomicrographs also clearly display the concentration-dependent increase in the 

number of Aβ1-42 immunoreactive puncta (Fig. 4.13 A, middle panel) surrounding the dendritic 

segments, with almost no puncta at 10nM to very dense punctuated staining at 500nM (Fig. 

4.13 A, Aβ1-42 middle panel). In all the cultures exposed to Aβ1-42 oligomers (red. Fig. 4.13 A) 

the punctuated staining was noticeable along the dendrites and close to dendritic spines 

(green, Fig. 4.13 A). Moreover, the increasing density of puncta presented an inverse 

correlation to the number of dendritic spine protrusions that seemingly decreased with higher 

Aβ1-42 concentration (Fig. 4.13 A). Quantification of spine numbers along the dendrite length 

confirmed a significant concentration-dependent reduction in spine density (one-way ANOVA, 

p<0.0001; F4,146 = 13.21; Fig. 4.13 B; CTRL: 1.095 ± 0.0252, 10nM: 1.003 ± 0.0397, 50nM: 

0.8827 ± 0.0348, 100nM: 0.8559 ± 0.0237, 500nM: 0.8325 ± 0.0293). Although concentrations 

as low as 10 nM also displayed a clear spine loss, the difference achieved statistical 

significance only at concentrations ≥ 50 nM. At 500 nM, about ~24% of spine loss compared 

to healthy controls was noted. Simultaneously, several spines also displayed an abnormal 

morphology showing a long and thin filopodia-like structure (Fig. 4.13 A). Measurements of 
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the average spine length revealed an almost significant increase (one-way ANOVA, p = 

0.0611; F4.94 = 2.335; Fig. 4.13 C; CTRL: 1.138 ± 0.0284, 10nM: 1.306 ± 0.0646, 50nM: 1.362 

± 0.0693, 100nM: 1.389 ± 0.0757, 500nM: 1.358 ± 0.0738) and was accompanied with a 

significant decrease in average head diameter (one-way ANOVA, p = 0.0034; F4,94 = 4.242; 

Fig. 4.13 D; CTRL: 0.5206 ± 0.0081, 10nM: 0.5063 ± 0.0085, 50nM: 0.4895 ± 0.0133, 100nM: 

0.4605 ± 0.0145, 500nM: 0.4683 ± 0.0137) in relation to increasing peptide concentrations as 

compared to the spines of control treated neurons. Although this atypical spine structure with 

longer necks and thinner heads began appearing at the lowest Aβ1-42 concentration (10 nM 

onwards) itself, it became statistically significant only at higher oligomer concentrations.   

4.2.3.2 Fingolimod-phosphate pre-treatment of Amyloid-β exposed cultures 

Subsequently, it was investigated whether FTY720-P could prevent the Aβ1-42-induced 

Figure 4.13| Acute application of amyloid-β oligomers (Aβ1-42) alters dendritic spine morphology in 

a concentration-dependent manner. DIV 21 primary hippocampal neurons exposed to nanomolar (nM) 

concentrations of oligomeric Aβ1-42 for 6h were used for analysis of dendritic spines. |A| Top panel: Sample 

micrographs of feGFP expressing dendritic segments from neurons exposed to 0nM (control- grey), 10nM 

(light pink), 50nM (dark pink), 100nM (red) and 500nM (maroon) Aβ1-42 oligomers. Middle panel: 

Corresponding immunostaining for Aβ1-42 oligomers. Bottom panel: Merged images of the feGFP and Aβ1-

42 stained panels. Scale: 5µm. Quantification of |B| spine density, |C| spine length and |D| spine head width 

for all test groups.  Data is presented as mean + SEM. Numbers in bar indicate total cells analyzed for each 

test set, obtained from ≥3 sets of independent experiments. One-way ANOVA with Bonferroni post-hoc was 

used. Denotations for significance are * p < 0.05, **p < 0.01, **** p < 0.0001. 
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dendritic spine alterations. Based on the previous experiments, the highest toxic Aβ1-42 

concentration, 500 nM was chosen. 24 h before peptide application, the culture medium was 

exchanged to fresh NB- medium containing one of the following - NB- only, DMSO, 40 ng 

BDNF, 10 nM FTY720-P or 100 nM FTY720-P. The next day, all pre-treated wells received 

500 nM Aβ1-42 except some of the DMSO wells. These wells acted as controls. Analysis of 

spine density showed a similar spine loss as observed above in the DMSO_Aβ1-42 treated 

neurons (one-way ANOVA, p<0.0001; F4, 141 = 10.24; Fig. 4.14 A, B; DMSO: 1.093 ± 0.0537, 

DMSO + Aβ1-42: 0.7654 ± 0.0221). The structural alterations i.e. elongated spines (one-way 

ANOVA, p = 0.0241; F4, 146 = 2.897; Fig. 4.14 A, C; DMSO: 1.386 ± 0.02919, DMSO + Aβ1-42: 

1.647 ± 0.0736) and shrinkage in head width (one-way ANOVA, p = 0.0002; F4, 146 = 5.790; 

Fig. 4.14 A, D; DMSO: 0.6178 ± 0.0226, DMSO + Aβ1-42: 0.5053 ± 0.0087) were also 

Figure 4.14| Pretreatment with Fingolimod-phosphate (FTY720-P) does not prevent Aβ1-42 

mediated dendritic spine pathology. DIV 21 hippocampal neurons treated with 10nM or 100nM 

FTY720-P for 24h before being exposed to 500nM Aβ1-42 for 6h.  |A| Sample images of feGFP 

expressing dendritic segments from 24h pre-treated neurons exposed to no Aβ1-42 (grey), DMSO 

pre-treated + Aβ1-42 (black), BDNF pre-treated + Aβ1-42 (dark green), FTY720-P_10nM pre-treated + 

Aβ1-42 (light orange), FTY720-P_100nM pre-treated + Aβ1-42 (dark orange). Scale: 5µm. These were 

used to quantify |B| Spine density, |C| spine length and |D| spine head width for all the experimental 

groups. Data is presented as mean + SEM. Numbers in bar indicate total neuronal cells analyzed 

for each set, obtained from ≥2 sets of independent experiments. One-way ANOVA with Bonferroni 

post-hoc was used. Denotations for significance are * p < 0.05, ***p < 0.001, **** p < 0.0001. 
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reproducible. Furthermore, neither one of the two FTY720-P concentrations tested (10 nM and 

100 nM) could prevent the loss of dendritic spines driven by Aβ1-42 (Fig. 4.14 B; FTY720-

P_10nM: 0.8342 ± 0.0234, FTY720-P_100nM: 0.7676 ± 0.0281). Pre-treatment with BDNF 

also failed to avert spine density reduction (Fig. 4.14 B; BDNF: 0.7898 ± 0.0221). While BDNF 

and FTY720-P seem to partially prevent the abnormal increase in spine length, this effect was 

found to be not statistically significant (Fig. 4.14 C; BDNF: 1.535 ± 0.0468, FTY720-P_10nM: 

1.630 ± 0.0371). In addition, the higher FTY720-P concentration – 100 nM, appeared to be 

more effective than BDNF and 10 nM FTY720_P (Fig. 4.14 C; FTY720-P_100nM: 1.465 ± 

0.0381). It is however interesting to note, a very mild albeit significant enhancement in spine 

head diameter in FTY720-P 100 nM treatment neurons in comparison to the DMSO_ Aβ1-42 

set (one-way ANOVA, p = 0.0002; F4, 146 = 5.790; Fig. 4.14 D; FTY720-P_100nM: 0.5589 ± 

0.0157). This effect did not reach significance for BDNF and 10 nM FTY720-P treated neurons 

(Fig. 4.14 D; BDNF: 0.5393 ± 0.0119, FTY720-P_10nM: 0.5434 ± 0.0093). 

In summary, application of fingolimod-phosphate in vitro successfully rescues structural 

deficits associated with neurodevelopmental disorders namely – Rett syndrome and Cdkl5 

deficiency disorder, but does not significantly protect against impairments in spine number 

and structure driven by toxic AD peptide - Aβ1-42.  

 

 

Part B| Role of p75NTR in mediating spine-pathology in Alzheimer’s disease (AD) 

Upregulation of p75NTR in AD brains is associated with apoptosis and neuronal damage. 

Besides, p75NTR can directly interact with Amyloid-β (Aβ) peptide monomers or oligomers that, 

as shown in section 4.2.3.1 are toxic to dendritic spines. A 6h exposure to oligomers of 

Amyloid-β1-42 (Aβ1-42) induced a substantial spine loss as well as abnormal spine morphology 

in a concentration-dependent manner. Previous reports also link p75NTR expression inversely 

to dendritic spine density (Zagrebelsky et al., 2005). While loss of p75NTR significantly enhances 

spine density, its overexpression results in spine density decrease in hippocampal neurons 

(Zagrebelsky et al., 2005). However, whether p75NTR could mediate Aβ induced spine pathology in 

context of AD, is not yet known and has been explored in this part of my results. 

As in DIV 21 WT hippocampal neurons, also in younger DIV 14 WT neurons Aβ1-42 exposure 

produces similar concentration-dependent spine pathology - spine density loss, longer spine 

necks and thinner spine heads (Patnaik et al., 2020). On the contrary, cultures lacking p75NTR 

even upon similar Aβ1-42 treatments do not exhibit altered spine density and surprisingly 

maintain their normal typical structure as in WT vehicle treated neurons (Patnaik et al., 2020), 
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suggesting that p75NTR loss protects the spines against structural toxicity. Additionally, Aβ 

puncta co-localization onto the neuronal membrane is reduced in the p75NTR knockout neurons 

and overexpressing p75NTR significantly exacerbated the observed structural alterations of 

dendritic spines (Patnaik et al., 2020). These observations depict a clear correlation between 

p75NTR expression and oligomeric Aβ1-42 mediated spine toxicity. To further understand the 

triggered signaling mechanisms, results obtained from subsequent experiments have been 

discussed below. 

4.3 Effect of nM concentration of Amyloid-β1-42 (Aβ1-42) on neuronal death 

Most studies published so far linked p75NTR and amyloid-β interaction to neuronal apoptosis, 

whereas here the focus lies in understanding spine and synapto-toxicity. Thus, 

immunofluorescence-based analysis of apoptosis was performed to rule out that the current 

in vitro model involving an acute exposure of WT DIV14 hippocampal neurons to 500nM Aβ1-

42 for 6h results in significant neuronal death. Post-exposure the neurons were fixed and 

stained for active cleaved caspase 3 (cc-3) and terminal deoxynucleotidyl transferase dUTP 

nick end labeling (TUNEL) in combination with neuronal marker MAP2 and nuclear marker 

DAPI (Fig. 4.15 A, A’). The staining for apoptotic marker cc-3 is generally in the nucleus during 

apoptosis (Fig. 4.15 A, A’) and TUNEL staining for fragmented DNA is also condensed in the 

nucleus (Fig. 4.15 A, A’). Merged images of the two aforementioned staining with MAP2 

labeled neurons were used to analyze three different measures namely - percentage of cc-3+ 

neurons (Fig. 4.15 B), percentage of TUNEL+ neurons (Fig. 4.15 C) and percentage of neurons 

positive for both cc-3 and TUNEL (Fig. 4.15 D). The MAP2 labeling in control and Aβ1-42 

exposed neurons appeared largely normal in intensity and showed an overall normal neuronal 

density (Fig. 4.15 A, A’). Cc-3+ and TUNEL+ cells were dispersed throughout a field of view 

and appeared comparable for both vehicle and Aβ1-42 treated neurons (Fig. 4.15 A). In contrast 

to cc-3+, TUNEL+ cells were very high in number (Fig. 4.15 A). Nevertheless, overlapping of 

each individual staining respectively with MAP2 presented mainly a non-neuronal immuno-

positivity for cc-3 and TUNEL both in control as well as Aβ1-42 peptide treated cultures (Fig. 

4.15 A). Quantification revealed that less than 1% neurons were positive for either one or both 

of the apoptotic markers (representative image Fig. 4.15 A’) with no significant difference 

between the two treatment sets (Fig. 4.15 B, Student’s t-test, p = 0.9203, CTRL: 0.4064 ± 

0.1596, Aβ1-42: 0.3842 ± 0.1527; Fig. 4.15 C, Student’s t-test, p = 0.6798, CTRL: 0.6293 ± 0.2, 

Aβ1-42: 0.531 ± 0.1327; Fig. 4.15 D, Student’s t-test, p = 0.8925, CTRL: 0.2005 ± 0.1345, Aβ1-

42: 0.2236 ± 0.1058).  

Hence, it can  be summarized that in nanomolar concentrations, Aβ1-42 oligomers may not 

necessarily trigger neuronal apoptosis. 
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4.4 Amyloid-β1-42 (Aβ1-42) mediated modulation of spine actin and its regulators 

Aβ1-42 induced alterations in dendritic spine structure suggests modification of the underlying 

actin cytoskeleton. This could result from changes in level of proteins like actin- that is enriched 

in dendritic spine protrusions and/or for instance also actin modifying signaling molecules. In 

this context, actin and actin regulating RhoA protein were investigated in the following 

sections. 

Figure 4.15| Neuronal cultures treated with 500 nM Aβ1-42 oligomers do not display enhanced 

staining for activated cleaved caspase-3 and TUNEL. DIV 14 WT hippocampal neurons were exposed 

to 500 nM Aβ1-42 for 6h before fixation. |A| Representative images of MAP2 + DAPI (green + blue), cleaved-

caspase-3 (red) and TUNEL (white) stained primary hippocampal cultures from either vehicle treated (Top 

panels) or Aβ1-42 treated (Bottom panels) experimental groups. Arrows indicate MAP2 neurons expressing 

both – cleaved caspase-3 and TUNEL as seen in the merged images for each experimental group. Scale: 

100µm. |A’| shows two example MAP2+ DAPI close-ups of the merged images, one from each treatment 

set positive for both cleaved caspase-3 and TUNEL. Scale: 20µm. The graphs illustrate proportion of |B| 

cleaved caspase-3, |C| TUNEL or |D| both cleaved caspase-3 and TUNEL positive neurons as percentage 

(%) of total MAP2 neurons in a field of view (FOV) for either vehicle treated control (grey) or Aβ1-42 treated 

(maroon) neurons. Data is presented as mean + SEM. Numbers in bar indicate total FOVs analyzed for 

each set, obtained from ≥2 sets of independent experiments. 
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4.4.1 Phalloidin intensity post Aβ1-42 application 

FeGFP expressing WT DIV 14 neurons were incubated for 10 min with 500 nM of Aβ1-42 

oligomers to study possible Aβ1-42-induced cytoskeletal rearrangements occurring specifically 

within dendritic spine heads. The levels of filamentous actin (F-actin) labeled with fluorophore 

coupled phalloidin were examined in two populations of feGFP expressing spines –either co-

localized or not with Aβ1-42-immunoreactive puncta (Fig. 4.16 A’, B’). In vehicle treated WT 

neurons low basal levels of F-actin could be seen in the spine heads and necks (Fig. 4.16 A) 

as opposed to Aβ1-42 treated neurons, where spine heads that co-localized with the amyloid 

peptide oligomers, displayed a substantial increase in phalloidin fluorescence intensity (two-

way ANOVA, p = 0.0283; F1,190 = 4.885; Fig. 4.16 A, A’). Interestingly, not all dendritic spines 

of Aβ1-42 treated neurons showed a colocalization with Aβ1-42-oligomers. Thus, fluorescence 

intensity for Phalloidin was analyzed separately in Aβ1-42-negative and Aβ1-42-positive dendritic 

spines. It was extremely interesting to note that the Aβ1-42-negative spines did not show then 

enhancement in F-actin when compared to the WT control treated spines (Fig. 4.16 A, A’). 

Quantification of Phalloidin fluorescence intensity confirmed this qualitative impression (Fig. 

4.16 C). While the actin intensity in Aβ1-42-negative spine heads was comparable to control 

spine heads, it was 1.5 fold higher and statistically significant in Aβ1-42-positive spine heads 

when compared to the control treated spines (Fig. 4.16 C; WT_CTRL: 1.001 ± 0.0379, 

WT_Aβ1-42+ve: 1.62 ± 0.0929, WT_Aβ1-42-ve: 1.02 ± 0.0636). 

Similar experiments and analysis were also performed in parallel, using p75NTR KO cultures to 

determine if the loss of p75NTR may prevent the Aβ1-42-induced actin modifications.  Like in WT, 

also the non-treated p75NTR KO neurons displayed low basal levels of F-actin within spine 

heads (Fig. 4.16 B).  Although qualitatively Aβ1-42-positive spine heads lacking p75NTR seemed 

to show slightly higher F-actin levels than spines of non-treated p75NTR KO neurons, it was 

clearly lower in comparison to WT spine heads positive for Aβ1-42 (Fig. 4.16 B, B’). Quantitative 

measurements of the F-actin content, confirmed the qualitative observation, however it did not 

reach statistical significance (Fig. 4.16 C; p75NTR_CTRL: 1.05 ± 0.0624, p75NTR_Aβ1-42+ve: 

1.352 ± 0.0805). The Aβ1-42-negative p75NTR KO spine heads of Aβ1-42 treated neurons 

consistently exhibited low F-actin levels that quantitatively were slightly lesser than the p75NTR 

KO control-treated spines (Fig. 4.16 B, B’, C; p75NTR_CTRL: 1.05 ± 0.0624, p75NTR_Aβ1-42-ve: 

0.848 ± 0.0503). 
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Figure 4.16| p75NTR contributes to Aβ1-42 mediated actin polymerization in dendritic spines. 

Dendritic spines from DIV 14 feGFP expressing hippocampal neurons derived from WT and p75NTR 

knockout animals were imaged using confocal microscopy. These cultures were treated with vehicle 

control or 500 nM Aβ1-42 for 10 min before being fixed and immunostained for Aβ1-42 puncta (red) and F-

actin (phalloidin stained, grey). Sample micrographs of individual dendritic spines from either |A| WT or 

|B| p75NTR knockout cultures that did not receive amyloid peptide treatments, but only the vehicle. Scale: 

1 µm. |A’| and |B’| show representative dendritic spines from neurons that underwent Aβ1-42 exposure. 

These are categorized into Aβ-positive and Aβ-negative spines depending upon their co-localization with 

the oligomers. Aβ-positive green spines display yellow oligomer co-localized puncta in contrast to Aβ-

negative green spines with no yellow co-localization onto them. Scale: 1 µm.  All the spines shown here 

display their respective phalloidin staining next to their merged images. These were used to determine 

actin content specifically in spine heads using their fluorescent intensity measurements. A quantification 

of this analysis is plotted in |C| as a column graph depicted by WT_CTRL in light grey, WT_Aβ1-42 positive 

spines in maroon closed-bar, WT_Aβ1-42 negative spine in maroon open-bar, p75NTR_CTRL in dark grey, 

p75NTR_Aβ1-42 positive spine in green closed-bar, p75NTR_Aβ1-42 negative spine in green open-bar. Data 

is presented as mean + SEM. Number in columns indicate neurons used for evaluation for each genotype 

and treatment, obtained from ≥2 sets of independent experiments. Two-way ANOVA followed by 

Bonferroni post-hoc test was applied to determine statistical significance. Denotations for significance is 

**** p < 0.0001, relevant p values are mentioned in the graphs. 
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4.4.2 Levels of cytoplasmic RhoA upon exposure to Aβ1-42 

Having observed cytoskeletal modifications occurring shortly after amyloid-β exposure, I next 

looked at candidate signaling molecules with the ability to execute this actin remodeling. One 

such protein is RhoA, a small GTPase that interacts directly with p75NTR. The activated RhoA-

GTP bound form is known to negatively regulate spine density and to associate with spine 

head shrinkage and actin destabilization (Lai et al., 2013; Woolfrey & Srivastava, 2016). Hence, levels 

of active GTP bound RhoA were measured using a biochemical ELISA-based assay. DIV 14 

WT and p75NTR KO primary hippocampal cultures were acutely treated with 500nM oligomeric 

Aβ1-42 for 10 min and cell lysates were rapidly prepared and used to perform GLISA to estimate 

the activation state of RhoA. Absorbance readings were normalized to the values obtained for 

vehicle treated WT hippocampal cultures. The control treated WT lysates showed low basal 

RhoA activity (Fig. 4.17) whereas, lysates from Aβ1-42-oligomer treated WT cultures exhibited 

a significantly higher RhoA activity, ~1.5 times that of the control lysates (two-way ANOVA, 

ptreatment = 0.0188 Fig. 4.17; WT_CTRL: 1.017 ± 0.0766, WT+Aβ1-42: 1.42 ± 0.136). Though 

RhoA activation in p75NTR KO lysates obtained from control treated cultures was lower that 

WT controls, it was statistically not significant (Fig. 4.17) Intriguingly, unlike WT cultures, 

lysates from p75NTR deficient cultures exposed to Aβ1-42-oligomers failed to present a 

measurable increase in activated RhoA levels (Fig. 4.17; p75NTR_CTRL: 0.655 ± 0.057, 

Figure 4.17| Aβ1-42 interaction with p75NTR induces cytoplasmic RhoA 

activation. Cell lysate preparations obtained from DIV 14 WT and p75NTR knockout 

primary hippocampal cultures following treatment with vehicle control or 500 nM 

Aβ1-42 for 10 min were used to detect RhoA activity using GLISA. The columns 

represent WT_CTRL (light grey), WT+Aβ1-42 (maroon), p75NTR_CTRL (dark grey), 

p75NTR+Aβ1-42 (green) as mean + SEM. The number of experimental repetitions 

are described in the bars. Statistical significance was evaluated using two-way 

ANOVA with post-hoc test. Denotations for significance are * p < 0.05, *** p < 

0.001. 
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p75NTR+Aβ1-42: 0.7826 ± 0.1127) and its quantification was significantly lesser than the WT 

cultures treated with Aβ1-42 (two-way ANOVA, pgenotype = 0.0001; Fig. 4.17) 

Overall, 4.4.1 and 4.4.2 suggest a fast initiation of actin rearrangement processes in dendritic 

spine structures upon acute amyloid-β application. Importantly, the cytoskeletal alterations 

seem to be mediated by a p75NTR-dependent activation of RhoA. 

4.5 Inhibiting p75NTR mediated Rho/ROCK signaling in Aβ1-42 treated neurons 

The next strategy employed to analyze the Aβ1-42-induced signaling was to inhibit the 

Rho/ROCK signaling downstream of p75NTR in hippocampal neurons exposed to Aβ1-42 

oligomers. For this, TAT-Pep5 - a peptide fused with HIV TAT sequence to facilitate cell entry 

(Yamashita et al., 2003) was used. It is described to specifically inhibit association of p75NTR with 

Rho-GDI preventing further signaling cascades (Fig. 4.18 A). Also, a bioactive small molecule 

- Y-27632 that selectively inhibits ROCK activity was employed (Fig. 4.18 A) to inhibit the Rho-

associated protein kinase (ROCK). 24h post-transfection, DIV 14 WT neurons were pre-

treated with one of the two inhibitors or the relative controls for 15 min before applying 500 nM 

Aβ1-42 oligomers. 6h later the cultures were fixed and dendritic spines were imaged. The 

inhibitors remained in the culture medium for the entire duration of treatment. As observed 

before, upon treatment with Aβ1-42 a significant loss of spines accompanied with abnormal 
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spine lengths and head widths were noted (Fig. 4.18 B). This was again found to be statistically 

significant in comparison to control treated neurons (Fig. 4.18 C, two-way ANOVA, p < 0.0001, 

F1,289 = 23.29; CTRL: 0.72 ± 0.0277, Aβ1-42: 0.557 ± 0.0196; Fig. 4.18 D, two-way ANOVA, p 

= 0.0433, F1,207 = 4.134; CTRL: 1.236 ± 0.0319, Aβ1-42: 1.413 ± 0.0597; Fig. 4.18 E, two-way 

ANOVA, p = 0.0002, F1,207 = 14.2; CTRL: 0.5613 ± 0.0094, Aβ1-42: 0.5058 ± 0.0102). 

Conversely, in neurons pre-treated with the p75NTR inhibitor TAT-Pep5 or the ROCK inhibitor 

Y-27632, the loss of spines was completely prevented compared to the Aβ1-42-treated neurons 

in the absence of the inhibitors (Fig. 4.18 B). Similarly, these inhibitors also protected the 

dendritic spines from structural changes resulting from Aβ1-42 exposure, as described before 

(Fig. 4.18 B). Correspondingly, this effect was evident at the quantitative analysis of spine 

elongation (Fig. 4.18 D; TAT-Pep5: 1.221 ± 0.0328, TAT-Pep5+Aβ1-42: 1.189 ± 0.0309, Y-

27632: 1.246 ± 0.0312, Y-27632+Aβ1-42: 1.289 ± 0.0412) and spine head diameter (Fig. 4.18 

E; TAT-Pep5: 0.5162 ± 0.0066, TAT-Pep5+Aβ1-42: 0.5107 ± 0.0081, Y-27632: 0.5267 ± 

0.0082, Y-27632+Aβ1-42: 0.512 ± 0.0068). In the case of spine density, although the Y-27632 

treated neurons exposed to Aβ1-42 still showed a reduction, this loss was not statistically 

significant and appeared less pronounced than the control treated set exposed to Aβ1-42 (Fig. 

4.18 C; Y-27632: 0.739 ± 0.0238, Y-27632+Aβ1-42: 0.6505 ± 0.0246, CTRL: 0.72 ± 0.0277, 

Nil+Aβ1-42: 0.557 ± 0.0196). TAT-Pep5 treatment on the other hand, completely rescued the 

Aβ1-42 induced spine loss (Fig. 4.18 C; TAT-Pep5: 0.6802 ± 0.0226, TAT-Pep5+Aβ1-42: 0.6482 

± 0.02298). 

Thus, interference with p75NTR Rho/ROCK signaling seems to shield the spines against Aβ-

mediated spino-toxicity. 

 

 

Figure 4.18| Inhibiting the Rho/ROCK signaling downstream of p75NTR protects neurons from 

Aβ1-42 induced dendritic spine pathology. To prevent the activation of p75NTR mediated Rho and 

ROCK, TAT-Pep5 peptide and Y-27632 inhibitor was added respectively to DIV 14 hippocampal 

cultures 15 min before the beginning of amyloid-β treatment. |A| Schematic explains the Rho/ROCK 

pathway driven downstream of p75NTR and the obstruction of signaling by the two respective inhibitors 

used. While TAT-Pep5 prevents the association of Rho to the p75NTR itself, Y-27632 blocks activity of 

the ROCK kinases. |B| Representative micrographs of dendritic spines on feGFP hippocampal neurons 

from cultures treated with CTRL or 500 nM Aβ1-42. The cultures also received a 15 min nil, Tat-Pep5 or 

Y-27632 pre-treatment. Scale: 5µm. Such images were used to quantify |C| spine density, |D| spine 

elongation and |E| spine head diameter of individual spines averaged across neurons from different test 

groups. The numbers in the columns depict total neurons analyzed for each treatment set. The plots 

show data as mean + SEM obtained from ≥3 sets of independent experiments and analyzed for 

statistical significance using two-way ANOVA with Bonferroni post-hoc. Denotations for significance are 

* p < 0.05, **p < 0.01 and **** p < 0.0001. 
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Part C| Hippocampal asymmetry in a mouse model of Cdkl5 deficiency disorder 

Different rodent models of Cdkl5 deficiency disorder (CDD) have been consistently reported 

to perform poorly in behavioral paradigms like Barnes maze, Morris water maze, Y-maze and 

contextual fear-conditioning – all used to investigate hippocampal-dependent learning and 

memory (Fuchs et al., 2018; Tang et al., 2017; Wang et al., 2012; Okuda et al., 2018). Additionally, 

abnormalities in long term potentiation (LTP) – the cellular correlate of learning and memory, 

have also been observed in the hippocampus of Cdkl5 knockout mice (Yennawar et a., 2019). 

Since the rodent hippocampus is a bilateral structure involved in memory-related asymmetric 

functionalities as shown by Shipton et al., 2014, the final part of my thesis aimed at exploring 

asymmetric functional deficits in the left and the right hippocampus from Cdkl5 transgenic 

mice, by means of ex-vivo electrophysiological recordings and spine density analysis. 

4.6 Left vs Right hippocampus in female Cdkl5 transgenic mice 

Since Cdkl5 is an X-linked gene, Cdkl5 transgenic females offer two possibilities: 

heterozygous knockouts (Cdkl5-/X) where the gene is deleted on only one of the X 

chromosomes and homozygous knockouts where both the X chromosomes are mutated for 

the gene (Cdkl5-/-). While the homozygous females have no Cdkl5 protein, heterozygous 

females produce reduced amounts. For all my experiments pertaining to Cdkl5 transgenic 

females, I used the Cdkl5-/X mice which model a partial loss-of-function situation as the levels 

of Cdkl5 are considerably lower than the wildtype (Cdkl5X/X) littermate controls. 

4.6.1 Hippocampal field potentials in heterozygous Cdkl5-/X slices 

To assess whether reduction of Cdkl5 may affect the activity of hippocampal neurons, acute 

hippocampal slices from 10-12 weeks old Cdkl5-/X as well as littermate controls Cdkl5X/X were 

used. After a 2h recovery period, field EPSPs in the CA1 stratum radiatum were evoked by 

stimulating the CA3-CA1 Schaffer-collateral pathway. 

4.6.1.1 Basal synaptic transmission and paired-pulse ratio 

First, the basal synaptic transmission was studied by mapping the input-output relationship 

between the stimulus intensity and the resulting fEPSP slopes. This was plotted for both Cdkl5-

/X and control Cdkl5X/X hippocampal slices and compared (Fig. 4.19 A). The two curves were 

almost identical indicating that there was no difference in neurotransmitter release efficacy 

between the two genotypes (Fig. 4.19 A). Next, two consecutive test pulses at varying inter-

pulse intervals were used to test for short term plasticity. Ratios of elicited fEPSPs were 

graphically presented and found to be comparable between the slices from KO and control 

animals (Fig. 4.19 B).   
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4.6.1.2 Long term potentiation (LTP) 

Since LTP is the cellular correlate for memory and heterozygous Cdkl5-/X females exhibit 

deficits in hippocampal learning and memory (Fuchs et al., 2018), it is reasonable to ask whether 

the spatial memory deficits are also reflected in LTP measurements. Therefore, hippocampal 

slices from 10-12 weeks old knockout Cdkl5-/X and WT Cdkl5X/X females were stimulated at 

the CA3-CA1 pathway with constant current stimuli to first obtain a 20 min baseline recording 

(Fig. 4.19 C). Then, high frequency theta burst was delivered to induce potentiation of the 

fEPSPs. Although LTP was successfully induced and maintained for both Cdkl5X/X and Cdkl5-

/X slices for 60 min post-TBS, comparison of the curves revealed a significant difference 

between the two genotypes (two-way ANOVA; p= 0.0452; F1,50 = 4.328; Fig. 4.19 C, Cdkl5X/X 

= 187.1 ± 11.84 vs Cdkl5-/X = 164.8 ± 8.335). The slices from Cdkl5-/X animals displayed overall 

significant reduction in potentiation upon comparison to the Cdkl5X/X controls.  The difference 

was prominent during the induction phase for up to ~ 30 mins post-TBS, after which the 

difference became less pronounced for the maintenance phase (Fig. 4.19 C).   

 

Figure 4.19| Excitatory field 

potentials elicited from 

hippocampal slices from 

heterozygous Cdkl5-/X mice at 10-

12 weeks age. The hippocampal 

CA3-CA1 Schaffer-collaterals were 

stimulated to evoke fEPSPs in 

acute hippocampal slices of 

wildtype Cdkl5X/X (black) and 

knockout Cdkl5-/X (pink) mice to 

generate |A| input-output curves 

corresponding to increasing current 

stimuli and |B| paired-pulse ratios 

with varying inter-pulse intervals. 

|C| Followed by 20min stable 

baseline recordings, TBS induced 

long-lasting potentiation of the 

fEPSPs. Data is plotted as mean ± 

SEM. ‘N’ indicates total animals 

used and ‘n’ the total number of 

slices recorded. For statistical 

testing two-way ANOVA with 

repeated measures was 

performed. The graph displays F-

value for statistically significant 

comparisons. Significance 

measured at * p < 0.05 
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 Whether both the Cdkl5-/X hippocampi showed equal LTP impairment was then examined by 

separating the LTP measures based on their origin from the left or the right hippocampus for 

Cdkl5-/X knockouts and Cdkl5X/X controls. On one hand, post-TBS potentiation was lower in 

the left Cdkl5-/X slices compared to the left Cdkl5X/X slices (Fig. 4.20 A, left Cdkl5X/X = 186.2 ± 

13.29 vs left Cdkl5-/X = 161.2 ± 11.23) but on the other hand, surprisingly the LTP values of 

right Cdkl5-/X and right Cdkl5X/X hippocampi were almost similar (two-way ANOVA; p= 0.4021; 

F1,24 = 0.7277; Fig. 4.20 B, right Cdkl5X/X = 191.5 ± 21.29 vs right Cdkl5-/X = 167.4 ± 12.16). 

The difference between curves from the left hippocampi were almost statistically significant 

(Fig. 4.20 A; two-way ANOVA; p= 0.0532; F1,24 = 4.133) whereas those from the right 

hippocampi were not (Fig. 4.20 B; p = 0. 4021). The underlying molecular mechanisms for 

LTP induction are distinct from LTP maintenance. While in the early induction phase available 

effectors are recruited and activated transiently, in the later maintenance phase protein 

synthesis occurs in parallel with sustained activation of molecular effectors (Karpova et al., 2006; 

Bradshaw et al., 2003) To divide the LTP recordings into LTP induction and LTP maintenance 

Figure 4.20| Hippocampal LTP is unilaterally altered in slices from heterozygous Cdkl5-/X mice at 

10-12 weeks age. The CA3-CA1 hippocampal LTPs separated on the basis of their originating sides as 

|A| left hippocampus or |B| right hippocampus. The curves were further divided into two phases: |A1 & 

B1| LTP induction comprises mean LTP values for the first 5 repeats immediately after TBS and |A2 & 

B2| LTP maintenance comprises mean LTP values for the last 5 repeats for the left and the right 

hippocampus respectively. Wildtype Cdkl5X/X left hippocampus (light grey) v/s knockout Cdkl5-/X left 

hippocampus (light pink) and Wildtype Cdkl5X/X right hippocampus (dark grey) v/s knockout Cdkl5-/X right 

hippocampus (dark pink). Data is plotted as mean ± SEM. ‘N’ indicates total animals used and ‘n’ the total 

number of slices recorded. For statistics, two-way ANOVA with repeated measures was performed for A 

and B and the resultant F-values have been mentioned in the respective graphs. A1, A2, B1 and B2 were 

tested by two-tailed Student’s t-test. Significance is denoted as * p < 0.05. 
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phases, the immediate 5 min post-TBS stimulation (20-25 min) and the last 5 min of the 

recording (75-80 min) were respectively averaged and compared (Fig. 4.20 A1&2, B1&2). In 

the left set of slices potentiated values of Cdkl5-/X hippocampus was significantly lesser than 

the Cdkl5X/X control values at the induction as well as the maintenance phase (Student’s t-

test, p = 0.0462, Fig. 4.20 A1, Cdkl5X/X = 201.2 ± 13.94 vs Cdkl5-/X = 162.4 ± 7.706 & Student’s 

t-test, p = 0.0345 Fig. 4.20 A2, Cdkl5X/X = 162.5 ± 9.282 vs Cdkl5-/X = 135.7 ± 6.648 

respectively). However, neither the induction nor the maintenance of LTP was different 

between the right Cdkl5-/X and Cdkl5X/X hippocampal slices (Student’s t-test, p = 0.1472, Fig. 

4.20 B1, Cdkl5X/X = 195.8 ± 19.02 vs Cdkl5-/X = 165.8 ± 10.42 & Student’s t-test, p = 0.7785, 

Fig. 4.20 B2, Cdkl5X/X = 151.7 ± 10.88 vs Cdkl5-/X = 148.3 ± 6.706). The difference was clearly 

notable in the mean distribution of each test set (each dot represents a slice). All the 

hippocampal slices – left and right from the control Cdkl5X/X animals displayed an initial fEPSP 

amplitude of potentiation from >100% up to ~ 300% (Fig. 4.20 A1 & B1). But the left 

hippocampal slices from Cdkl5-/X particularly displayed low initial potentiation from >100% up 

to only ~ 200% (Fig. 4.20 A1). During LTP maintenance, the variability between the mean 

distributions of potentiated fEPSPs between the transgenic and WT slices were subtle, 

nevertheless, the low fEPSP amplitude was sufficiently evident for the left hippocampal slices 

(Fig. 4.20 A2 & B2). 

4.6.2 Spine density in heterozygous Cdkl5-/X slices 

An important aspect of hippocampal LTP is the modification in size and shape of dendritic 

spines (Bosch & Hayashi, 2011; Bosch 2014) and in fact, induction of LTP in mature neurons can 

even trigger spinogenesis (Bourne and Harris, 2011; Engert and Bonhoeffer, 1999; Maletic-Savatic et al., 

Figure 4.21| CA1 spine density is unaltered in 

heterozygous Cdkl5-/X hippocampi. Golgi stained 

sections from left and right hippocampi of 10-12 weeks 

old female Cdkl5-/X and Cdkl5X/X mice were imaged 

and used for spine density analysis.  |A| 

Photomicrographs of dendritic spines on segments of 

secondary branches from CA1 apical dendrites. Scale: 

5µm. |B| The bar graphs represent quantification of spine 

numbers as spine density, for left and right hippocampal 

neurons from both the studied genotypes. Wildtype 

Cdkl5X/X left hippocampus (light grey) v/s knockout 

Cdkl5-/X left hippocampus (light pink) and Wildtype 

Cdkl5X/X right hippocampus (dark grey) v/s knockout 

Cdkl5-/X right hippocampus (dark pink). Data is plotted as 

mean ± SEM. Numbers in bars indicate total number of 

neurons analyzed from 4 animals of each genotype (9-

10 cells /animal). 

https://www.jneurosci.org/content/33/2/678#ref-5
https://www.jneurosci.org/content/33/2/678#ref-16
https://www.jneurosci.org/content/33/2/678#ref-39
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1999; De Roo et al., 2008b; Kwon and Sabatini, 2011; Hill & Zito, 2013). Furthermore, numbers of these 

post-synaptic protrusions are also closely linked to memory formation and behavioral 

performance (Mahmmoud et al., 2015). Hence, to analyze if the impaired hippocampal-dependent 

memory and LTP in Cdkl5 deficient mice could be explained by underlying dendritic spine 

numbers, Golgi staining was performed using isolated brains from 10-12 weeks old Cdkl5-/X 

and Cdkl5X/X animals. This method labels subsets of neurons across the brain as dark dense 

structures. In the area CA1 of the hippocampus, apical dendrites of several pyramidal neurons 

were selected for imaging as these form a major part of the stratum radiatum corresponding 

to the region where LTP recordings were made. Secondary dendritic branches imaged at 63x 

magnification displayed a densely packed arrangement of spine protrusions along the 

dendritic shaft (Fig. 4.21 A). Dendrites from the transgenic Cdkl5-/X and WT Cdkl5X/X mice did 

not exhibit visible differences in spine numbers (Fig. 4.21 A). Simultaneous quantification of 

spine density from both left and the right hippocampi also revealed comparable spine numbers 

between the transgenic Cdkl5-/X and WT Cdkl5X/X for both the sets of hippocampi (Fig. 4.21 B; 

left Cdkl5X/X = 1.498 ± 0.03896 vs left Cdkl5-/X = 1.469 ± 0.04066, right Cdkl5X/X = 1.274 ± 

0.02536 vs right Cdkl5-/X = 1.221 ± 0.03181). The spine numbers in the right hippocampus 

were, however, lower than the left hippocampus but this was observed not only in the WT 

Cdkl5X/X controls but also in the Cdkl5-/X slices (Fig. 4.21 B).  No significance was observed 

between the genotypes upon statistical comparison. 

In summary, even though the underlying spine numbers are unaltered in the CA1 region of 

the hippocampus from heterozygous Cdkl5 females, the slices exhibit a unilateral CA3-CA1 

LTP deficit specific to the left hippocampus. 

4.7 Left vs Right hippocampus in male transgenic Cdkl5 mice 

Unlike females, the transgenic Cdkl5 males express no Cdkl5 protein since the gene copy 

carried by their only X chromosome is knocked out. Through these hemizygous (Cdkl5-/Y) 

knockout micee, my experiments model a loss-of-function condition and shed light into the 

outcome of Cdkl5 absence on hippocampal activity. 

4.7.1 Hippocampal field potentials in hemizygous Cdkl5-/Y slices 

To understand how Cdkl5 absence could influence hippocampal activity at different stages 

during adulthood, here I studied transgenic Cdkl5-/Y males at three different ages - the oldest 

mice were 14-16 weeks old, the young adults were 6-8 weeks and the youngest mice were 

used immediately after weaning at 3-4weeks. All the controls were age-matched WT 

littermates. Similar to the females, acute hippocampal slices post 2h (14-16 weeks and 6-8 

weeks) or 3h (3-4 weeks) recovery were stimulated and recorded in the stratum radiatum to 

study CA3-CA1 responses. 

https://www.jneurosci.org/content/33/2/678#ref-39
https://www.jneurosci.org/content/33/2/678#ref-15
https://www.jneurosci.org/content/33/2/678#ref-34
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4.7.1.1 Input-output relationship  

Input-output curves were generated to study basal synaptic transmission in the slices from 

Cdkl5-/Y mice of three different ages. For the oldest age group – 14-16 weeks, the curve 

obtained from Cdkl5-/Y slices was slightly but non-significantly lower than those of the WT 

controls (Fig. 4.22 A). At 6-8 weeks synaptic behavior of the Cdkl5-/Y and Cdkl5X/Y slices was 

identical as seen from the graph (Fig. 4.22 B). However, the youngest Cdkl5-/Y and Cdkl5X/Y 

slices from 3-4 weeks old animals showed a mild albeit significant difference in their input-

output curves (Fig. 4.22 C; two-way ANOVA, p < 0.0001, F1,504 = 34.2). At higher stimulus 

intensities > 250 μA slices from Cdkl5-/Y hippocampi displayed lower fEPSP slopes than the 

WT Cdkl5X/Y slices likely indicating a reduced neurotransmitters release or corresponding 

postsynaptic response or both (Fig. 4.22 C). Irrespective of genotype, considering the graphs 

from all age-groups together, it is fairly interesting to note an up- and left-ward shift of the 

curve with the progression of age (Fig. 4.22 A, B, C).  In the oldest 14-16 weeks age group, 

the fEPSP responses were found to have maximum slopes at the different stimulus intensities 

in comparison to the other two age groups (Fig. 4.22 A, B, C). 

 

 

Figure 4.22| Basal synaptic transmission is altered in hippocampal slices from hemizygous 

Cdkl5-/Y males in an age-dependent manner. fEPSPs elicited from CA3-CA1 Schaffer-collateral 

stimulation at increasing current strengths were cumulatively plotted to create input-output relationship 

curves. Acute slices were prepared from hippocampi of Cdkl5-/Y knockout mice (blue) as well as age-

matched Cdkl5X/Y wildtype mice (black) at three different post-natal ages |A| 14 – 16 weeks, |B| 6 – 8 

weeks and |C| 3 – 4 weeks respectively. Data is plotted as mean ± SEM. In each set of brackets 

associated with the graphs while ‘N’ indicates total number of animals used, ‘n’ indicates the total slices 

recorded. For statistics, two-way ANOVA with repeated measures was performed for all the curves. 

The resulting F-values have been mentioned in the graph for comparisons that were statistically 

significant. Significance measured as * p < 0.05 
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4.7.1.2 Paired-pulse ratio 

Subsequently, pre-synaptic properties of the hippocampus at the three ages were analyzed 

by giving paired-pulses with varying inter-pulse intervals. At 14-16 weeks neuronal populations 

from both Cdkl5-/Y and Cdkl5X/Y hippocampal slices produced equal paired ratios illustrated by 

their overlapping curves (Fig. 4.23 A). However, the ratios in slices from young adult Cdkl5-/Y 

hippocampi were slightly more facilitated than the control Cdkl5X/Y slices, but only at shorter 

inter-stimulus intervals (Fig. 4.23 B). A two-way ANOVA analysis revealed significance 

between the two curves (two-way ANOVA, p = 0.0059, F1,420 = 7.663; Fig. 4.23 B).  This 

difference was rather magnified at the youngest ages – 3-4 weeks. Here, Cdkl5 deficient slices 

showed an overall preference towards facilitation compared to the WT Cdkl5 controls, except 

at 20ms inter-pulse interval (Fig. 4.23 C). The statistics also revealed a significant difference 

between the two curves from Cdkl5-/Y and Cdkl5X/Y slices (two-way ANOVA, p < 0.0001, F1,450 

= 16.63; Fig. 4.23 C). Across the different ages irrespective of genotype, the development of 

the paired-pulse behavior underwent a major downward shift from ages 3-4 weeks to 6-8 

weeks as depicted in Fig. 4.23 B and Fig. 4.23 C. Thereafter, the ratios appeared to be 

relatively stable as deducible from Fig. 4.23 B compared to Fig. 4.23 A. 

4.7.1.3 Long term potentiation 

Reduced Cdkl5 levels were found to manifest as decrease in post-TBS potentiation in the 

heterozygous Cdkl5 females (see 4.6.1.2). Whether a complete absence of Cdkl5, may 

Figure 4.23| Pre-synaptic properties are altered in hippocampal slices from hemizygous Cdkl5-

/Y males in an age-dependent manner. fEPSPs elicited from pairs of constant intensity pulses 

delivered to CA3-CA1 Schaffer-collaterals at different inter-pulse intervals, were used to derive paired-

pulse ratios. Graphical representation of these ratios have been depicted here based on the genotype: 

Cdkl5-/Y knockout mice (blue), Cdkl5X/Y wildtype mice (black) and post-natal ages of source mice: |A| 

14 – 16 weeks, |B| 6 – 8 weeks and |C| 3 – 4 weeks respectively. Data is plotted as mean ± SEM. In 

each graph the brackets mention ‘N’ indicating total number of animals used and ‘n’ for the total slices 

recorded. For statistics, two-way ANOVA was performed for all the curves. The resulting F-values 

have been mentioned in the graph for relevant comparisons. 
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exacerbate this LTP deficit or generate a new LTP phenotype all-together, was addressed in 

the next set of experiments.  Also, since in the Cdkl5-/X females, impairment was associated 

with the left hippocampus, for males both the hippocampi were inspected separately. After 

induction of LTP in the left and the right hippocampal slices from 14-16 weeks, old Cdkl5-/Y 

and Cdkl5X/Y mice, the curves for the potentiated fEPSPs perfectly overlapped for the entire 

recording duration (Fig. 4.24 A & B). For the young Cdkl5-/Y adults at 6-8 weeks while the right 

hippocampal LTP overlapped perfectly with the right Cdkl5X/Y controls (Fig. 4.24 D; X/Y = 

186.2% ± 7.661, -/Y = 193.5% ± 9.557), the left hippocampal LTP was significantly more 

potentiated than its left Cdkl5X/Y controls for the whole 60 min recording duration (Fig. 4.24 C; 

two-way ANOVA, p = 0.01, F1,32 = 7.504; X/Y = 175.2% ± 6.63, -/Y = 209.5% ± 7.67). Similar 

to the basal synaptic transmission and paired-pulse ratios, a trend for a stronger phenotype 

was observed for the hippocampal slices derived from the youngest 3-4 weeks old mice. In 

comparison to the age-matched littermate Cdkl5X/Y control slices, the amplitude of LTP 

potentiation was significantly higher for the knockout Cdkl5-/Y slices both for the left 

hippocampus (Fig. 4.24 E; two-way ANOVA, p = 0.0018, F1,27 = 11.95) and the right 

hippocampus (Fig. 4.24 F; two-way ANOVA, p = 0.0131, F1,27 = 7.06).  Moreover, the 

difference between the two right LTP curves was especially prominent at the maintenance 

phase of LTP (Fig. 4.24 F) and between the two left LTP curves both induction as well as 

maintenance phases were remarkably different (Fig. 4.24 E). Besides, the overall LTP 

behavior of wildtype Cdkl5X/Y slices is also noteworthy as it developed an upward shift with 

ascending age indicative of greater fEPSP amplitude post-TBS potentiation. With progression 

of age from 3-4weeks where post TBS potentiation values were 179% ± 6.784 in the left and 

187.4% ± 8.285 in the right, it increased to 208.2% ± 12.95 in the left and 199% ± 10.13 in the 

right at 14-16 weeks (Fig. 4.24 C, B, A, grey). But slices from Cdkl5-/Y animals conversely, 

displayed a trend of downward shift in their LTP curves with maturation. The highest post-TBS 

potentiation was rather recorded at 3-4 weeks with 252.6% ± 23.14 in the left and 208.1 % ± 

19.63 in the right which lowered to 206.2% ± 9.576 in the left and 208% ± 10.06 in the right at 

14-16 weeks (Fig. 4.24 C, B, A; blue).  

Taken together, the analysis of hippocampal field potentials from hemizygous Cdkl5X/Y animals 

reveal age-dependent alterations in basal synaptic transmission, pre-synaptic properties as 

well as LTP with the strongest phenotypes detectable at the youngest ages. In addition, 

asymmetric nature of LTP impairment between the left and the right hippocampus observed 

earlier in the females was also persistent in the males.    
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Figure 4.24| Asymmetrical alterations in hippocampal LTP in hemizygous Cdkl5-/Y slices is age-

associated. TBS-induced long term potentiation in hippocampal slices from Cdkl5-/Y knockout and 

Cdkl5X/Y wildtype mice. The different post-natal ages and hippocampal origin are: |A| 14-16 weeks left 

hippocampus, |B| 14-16 weeks right hippocampus, |C| 6-8 weeks left hippocampus, |D| 6-8 weeks right 

hippocampus, |E| 3-4 weeks left hippocampus and |f| 3-4 weeks right hippocampus. Wildtype Cdkl5X/Y left 

hippocampus (light grey) v/s knockout Cdkl5-/Y left hippocampus (blue) and Wildtype Cdkl5X/Y right 

hippocampus (dark grey) v/s knockout Cdkl5-/Y right hippocampus (dark grey). Data is plotted as mean ± 

SEM. In each graph the brackets mention ‘N’ indicating total number of animals used and ‘n’ for the total 

slices recorded. For statistics, two-way ANOVA with repeated measures was performed. Significance was 

considered at p < 0.05. The resulting F-values have also been mentioned in the graph for comparisons 

that were statistically significant. 
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4.7.2 Spine density in hemizygous Cdkl5-/Y slices 

The next experiment addressed if the age-dependent alterations in the Cdkl5-/Y hippocampi, 

observed through various electrophysiological paradigms may have a cellular basis at the 

level of dendritic spines. For this purpose, isolated brains of Cdkl5X/Y and Cdkl5-/Y animals were 

stained using Golgi protocol followed by examination of spine densities in the CA1 region of 

the hippocampus. Spine counting from secondary branches of apical dendrites was done from 

Figure 4.25| CA1 spine density is higher in hemizygous Cdkl5-/Y hippocampi. 

Using Golgi staining protocol sections from left and right hippocampi of knockout 

Cdkl5-/Y and wildtype Cdkl5X/Y mice were prepared for spine density analysis.  

Representative micrographs of secondary branches from CA1 apical dendrites of |A| 

14-16 weeks and |B| 6-8 weeks old mice. Scale: 5µm. The bar graphs represent 

quantification of spine numbers for both, the left and the right hippocampal neurons 

from the two studied genotypes at |C| 14-16 weeks and |D| 6-8 weeks of age 

respectively.  Wildtype Cdkl5X/X left hippocampus (light grey) v/s knockout Cdkl5-/X 

left hippocampus (blue) and Wildtype Cdkl5X/X right hippocampus (dark grey) v/s 

knockout Cdkl5-/X right hippocampus (dark blue). Data is plotted as mean ± SEM. 

Numbers in bars indicate total number of neurons analyzed from 3-4 animals of each 

genotype (9-10 cells /animal). One-way ANOVA with boferroni post-hoc test was 

used for statistical analysis. Denotations for significance are: * p < 0.05, ** p < 0.01, 

relevant p values are mentioned in the graphs. 
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both the hippocampi of the two genotypes (Fig. 4.25 A, B).  Between the two genotypes, Cdkl5 

deficient neurons from the left and the right Cdkl5-/Y hippocampus showed consistently a higher 

spine density than the WT left and right Cdkl5X/Y hippocampal controls respectively (Fig. 4.25 

A-D). This was observed for older 14-16 weeks old (Fig. 4.25 A, C; left X/Y = 1.357 ± 0.0399, 

right X/Y = 1.245 ± 0.03113, left -/Y = 1.488 ± 0.05026, right -/Y = 1.35 ± 0.03485) and also 

for 6-8 weeks old animals (Fig. 4.25 B, D; left X/Y = 1.21 ± 0.02842, right X/Y = 1.207 ± 

0.03057, left -/Y = 1.327 ± 0.04285, right -/Y = 1.346 ± 0.03195). The difference reached 

statistical significance for all Cdkl5X/Y and Cdkl5-/Y combinations compared – left hippocampi 

6-8 weeks, right hippocampi 6-8 weeks (one-way ANOVA, p = 0.0032, F3,133 = 4.82; Fig. 4.25 

D), left hippocampi 14-16 weeks (one-way ANOVA, p = 0.0002, F3,156 = 6.244; Fig. 4.25 C) 

except for the 14-16 weeks old right hippocampi (Fig. 4.25 C). Due to time constraints spine 

analysis for the youngest 3-4 weeks aged animals could not be completed. 
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5. 
 

 

Discussion & Outlook 

Neurons have a remarkable ability to dynamically and precisely modulate their architecture at 

single cell level; consequently, altering their connectivity to other neurons and modifying the 

local or global neuronal network. Typically, the regulators of this ability maintain an intrinsic 

homeostasis which, when disturbed may reflect negatively in neuronal structure and/or activity 

like in a diseased system. During this thesis investigation, I looked at several aspects of 

neuronal structure and function at single cell and network level in the context of health and 

disease. The findings described in the previous chapter are discussed below highlighting their 

relevance in correlation to the existing literature along with a brief outlook for impending 

questions. Here, three separate sections have been composed in coherence with the themes 

of investigation. 

Part A| New roles of the immunomodulatory drug Fingolimod in health and 

disease 

5.1 Discussion - I 

Fingolimod (FTY720), an immunomodulatory oral drug approved for Multiple Sclerosis 

treatment can directly cross the blood brain barrier (BBB) due to its lipophilic nature and 

accumulate in the brain (Foster et al., 2007; Tamagnan et al., 2012; Briard, et al., 2011). Upon 

phosphorylation of the prodrug (FTY720) by sphingosine kinases the active drug (FTY720-P) 

acts as a ligand for Sphingosine-1-Phosphate receptors or S1PRs (except S1P2). Yanagida 

et. al showed that BBB permeability itself is also enhanced in a size selective manner upon 

FTY720 administration due to FTY720-P mediated targeting of S1P1 receptors expressed on 

the BBB endothelial cells (Yanagida et. al 2017). Besides, Fingolimod has been previously 

reported to rescue cognitive impairment, dendritic spines and synaptic pathology in animal 

models of Huntington’s disease (Di Pardo et al., 2014; Miguez et al., 2015), Alzheimer’s disease 

(Fukumoto et al., 2014; Asle-Rousta et al., 2013; Hemmati et al., 2013) and autism spectrum disorders 

(Deogracias et al., 2012) which have partially been attributed to its ability to regulate endogenous 

BDNF levels (Deogracias et al., 2012; Efstathopoulos et al., 2015; Di Pardo et al., 2014; Miguez et al., 2015; 

Doi et al., 2013; Ruiz et al., 2014; Fukumoto et al., 2014). Thus to hypothesize, that part of FTY720 

mediated benefits could be a result of its ability to modify BDNF levels that may influence 
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neuronal structure, is reasonable. In this line, I studied the ability of FTY720, to induce 

structural modifications in healthy mature primary hippocampal neurons via BDNF secretion. 

I also addressed the potential of therapeutic repurposing of FTY720 to counteract architectural 

deficits in developing neurons of Rett Syndrome and Cdkl5 deficiency disorder mice models, 

two X-linked neurodevelopmental disorders. 

5.1.1 Fingolimod regulates morphology of healthy hippocampal neurons in a BDNF 

dependent manner 

Previous studies in developing neurons show fingolimod stimulation to promote neurite growth 

as well as axonal growth and regeneration (Anastasiadou, & Knöll, 2016).Since such an effect has 

not yet been reported for older mature neurons, I used 21 DIV mature healthy primary 

hippocampal cultures and treated them with 10 nM and 100 nM of the prodrug FTY720 or the 

active drug FTY720-P with respective DMSO controls for 24h. Nano molar concentration of 

FTY720-P were specifically chosen as these were found to maximally enhance BDNF protein 

levels in cortical neurons after 24h application (Deogracias et al. 2012). Furthermore, the same 

study also showed a negative correlation between increasing FTY720-P concentration and 

BDNF levels (Deogracias et al. 2012). Upon Sholl analysis of the fingolimod treated hippocampal 

neurons, a significant increase in the dendritic complexity were found compared to the DMSO 

treated neurons, however only for the low drug concentrations. In addition, the drug treated 

neurons also displayed augmented number of dendritic spines and a higher proportion of 

mature mushroom type spines.  

It is interesting to note that very similar observations were also reported earlier in my Master’s 

Thesis work where a five times lower concentration of FTY720-P (2nM) significantly enhanced 

the dendritic complexity and spine density (Refer to Master’s thesis- A.Patnaik). These findings 

together, indicate that fingolimod induced structural modifications in mature primary 

hippocampal neurons although mild, are consistent and reproducible in their pattern of 

expression even with different drug forms and concentrations. The modifications are mild, 

possibly because the neurons are already structurally mature, pathologically unchallenged 

and thus maintaining their homeostasis. Since mature neurons do undergo rearrangements 

in response to stimuli, the chemical/electrical triggers resulting from fingolimod application 

likely do not interfere substantially with the neuronal homeostasis, hence producing only mild 

alterations. The increase in dendritic complexity after fingolimod application is notable in the 

proximal dendrite tree and is coherent with the emergence of short unbranched primary 

dendritic processes. An analogous pattern of dendrite outgrowth has been previously detected 

in hippocampal neurons 72h after exogenous BDNF application (Kwon et al., 2011) and also in 
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cortical neurons upon overexpression of BDNF for 

24h (Horch et al., 1999, Fig. 5.1). In the case of spine 

density, influence of BDNF has been reported to be 

variable. On the one hand, some studies report 

increase in dendritic spines of hippocampal 

neurons by exogenously applied BDNF (Tyler and 

Miller., 2001; Ji et al., 2005) whereas others observed 

no change in spine density (Kellner et al., 2014). 

Nevertheless, results from my master’s thesis 

demonstrated that scavenging of BDNF from the 

culture medium using TrkB-Fc receptor bodies 

could completely abolish FTY720-P induced 

dendrite as well as spine density alterations (Refer- 

Master’s thesis A.Patnaik). These results and 

interpretations together, implicate a critical role of 

endogenous BDNF in facilitating structural 

alterations resulting from fingolimod application.  

5.1.2 DMSO as a control  

The morphological alterations of neuronal 

dendrites induced by 10 nM FTY720 and FTY720-

P treatments were not magnified by the ten-fold 

higher 100 nM drug concentrations when 

compared to the respective DMSO controls. This was fairly surprising because the study by 

Deogracias et al. showed a comparable increase in BDNF protein levels in cortical cultures by 

both 10 nM and 100 nM FTY720-P (Deogracias et al., 2012). In fact, increase in BDNF mRNA 

levels by 100 nM FTY720-P was even greater than 10 nM FTY720-P (Deogracias et al., 2012). 

Upon separate comparison of the two DMSO control groups, it was noticed that higher DMSO 

concentration itself altered neuronal morphology. Similarly, also in my Master’s thesis, DMSO 

treated neurons were significantly more complex than untreated (only NB-) neurons (Refer to 

Master’s Thesis- A.Patnaik). Such an effect, which is generally undesirable of a vehicle control, 

may be masking the mild morphological alterations caused by 100 nM fingolimod. No changes 

observed for spine density suggests DMSO to specifically impact dendrite morphology. 

Although DMSO is a widely used organic solvent, few studies have documented its ability to 

directly affect CNS cells. Hanslick et al. observed widespread neurodegeneration and 

apoptosis as evaluated by activated caspase-3 expression in different brain regions after 

Figure 5.1| BDNF overexpression in 

cortical neurons induced outgrowth of 

short process within 40 µm from the soma 

|A|. The quantification of dendritic growth 

becomes significant at 24h and continues to 

increase uptil 40-52 h where it reaches a 

steady state as depicted in |B|. Image: 

(Horch et al., 1999) 
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DMSO administration, at doses as low as 0.5% (Hanslick et al., 2009) which is although 5 times 

higher than that used for my experiments (0.1%).  

Alternatively, Lu & Mattson described a neuroprotective effect of DMSO on hippocampal 

neurons due to inhibition of AMPA and NMDA ion currents thereby preventing excitotoxicity 

(Lu & Mattson., 2001). Also, glutamate induced elevation of intracellular Ca2+ levels were found to 

be attenuated in neurons exposed to DMSO (Lu & Mattson., 2001). This suggests that DMSO 

treatment alone may already alter basal electrophysiological and calcium activity of neurons 

and could be true for my experiments involving field potential recordings as well as 

spontaneous calcium transient measurements where I observed no effects of fingolimod 

treatments.  Control neurons that were treated with DMSO likely make it difficult to elucidate 

the true effect of fingolimod on neuronal activity. Although these abovementioned studies 

describe opposing effects probably resulting from variations in test concentrations, test 

systems and methods applied, nevertheless, they highlight the importance to consider direct 

effects of DMSO while studying hydrophobic pharmacological agents using DMSO as a 

solvent vehicle. 

5.1.3 Fingolimod regulates activity-dependent gene expression but does not alter 

spontaneous spine calcium dynamics 

Several gene products are either upregulated or transformed into their active, phosphorylated 

forms as a result of neuronal activity. These usually include transcription factors like CREB, c-

Fos or kinases like ERK1/2 and facilitate the conversion of stimulus cues into changes in 

neural connectivity. Hence, I looked at these activity-regulated genes in my experiments 

following fingolimod treatment. The analysis of neurons expressing pCREB in hippocampal 

cultures after 24h exposure to fingolimod, however did not exhibit any variations compared to 

the controls as opposed to c-Fos immunofluorescence where the number of immunopositive 

neurons was significantly higher in fingolimod treated cultures. Although BDNF is known to 

positively modulate the dendritic architecture in hippocampal neurons via phosphorylation of 

CREB (Kwon et al., 2011), my results could be an outcome of the transient nature of CREB 

phosphorylation which might be lost at 24h after drug application (Hagiwara et al., 2012; Lee et al., 

2005). Observations by Deogracias et al. also points in this direction, since they observed a 

significant increase in pCREB protein levels in fingolimod treated cortical cultures 30 min after 

application (Deogracias et al., 2012). Upstream of pCREB a significant activation of pERK1/2 was 

also noted at 30 min after fingolimod application (Deogracias et al., 2012). This coincides with my 

data where I also see a significant enhancement in pERK expressing neurons 30 min post-

treatment. Although c-Fos is also an immediate early gene activated soon in response to a 

stimulus, here I observed its prolonged upregulated expression 24 h after fingolimod 
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application. Such a sustained c-Fos expression has been previously implicated in a positive 

feedback loop promoting BDNF expression downstream of TrkB signaling (Tuvikene et al., 2016). 

This might also be the case in fingolimod treated cultures, where the BDNF-TrkB induced 

positive BDNF-feedback could be responsible for maintaining the modified dendritic 

architecture. The sensitivity of c-Fos expression to scavenging TrkB-Fc receptor bodies co-

treatment, as shown in my master’s thesis work also supports this notion (Refer- Master’s thesis 

A.Patnaik).  

The augmented activation of both c-Fos and pERK1/2 are overall indicative of an increase in 

neuronal activity (Sheng & Greenberg, 1999) This is also in lieu with the ability of BDNF to modulate 

neuronal architecture in an activity-dependent manner (Horch et al., 1999, 2002; McAllister, 1995; 

McAllister et al., 1996; Kwon and Sabatini, 2011; Kellner et al., 2014). Indeed, excitatory post synaptic 

currents recorded from cortical neurons showed increased frequency and amplitude upon 

fingolimod treatment (Deogracias et al., 2012). Also, the pERK1/2 upregulation in these neurons 

was prevented by blockers of neuronal activity (Deogracias et al., 2012). Previously, BDNF/TrkB 

signaling downstream of neuronal activity, has been reported to be critical for a feedback 

mechanism that sustains ERK activation (Maharana et al., 2013). This might also explain the 

reduction in pERK levels in my experiments upon co-treatment with BDNF scavenging TrkB-

Fc receptor bodies. Furthermore, it indicates that changes in neuronal activity may precede 

BDNF-mediated pERK upregulation. Based on this idea, I performed measurements of 

spontaneous calcium transients in neurons treated with DMSO or fingolimod since calcium 

influx is known to correspond to ongoing neuronal activity. But, neither the chronic 24 h nor 

the varying acute fingolimod treatments displayed a change in spine calcium activity compared 

to the controls. This could be a technical issue due to low sensitivity of calcium imaging 

compared to the whole-cell patch clamp recording (as in Deogracias et al., 2012) which is a much 

refined technique for single cell recordings. In addition, analysis of calcium transients from 

neuronal cell soma instead of randomly selected dendritic spines may provide a more 

comparable view to the patch clamp recordings, since not every individual spine activity is 

translated to neuron’s global activity bouts. Thus, it cannot be confidently concluded that 

fingolimod treatment does not alter calcium dynamics of neurons (or neuronal activity) and 

requires further validation. 

5.1.4 Fingolimod pre-treatment alone does not affect hippocampal field potentials 

To further analyze the neuronal activity post fingolimod exposure, I recorded field potential 

responses from populations of neurons in acute hippocampal slices. It is known that applied 

exogenously, BDNF potentiates synaptic responses in a concentration dependent manner as 

recorded using field potentials in rat visual cortex (Akaneya et al., 1997). Yet, pre-treatment with 
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FTY720 or DMSO during slice recovery produced no detectable difference in their basal 

synaptic transmission, also reported by Hait et al. (Hait et al., 2014). But unlike Hait et al. where 

a higher LTP amplitude was reported in slices treated with FTY720 during recovery and 

throughout the recording period (Hait et al., 2014), I did not observe any significant enhancement 

in LTP. This indicates that a continuous bath application of FTY720 is probably crucial for 

constant BDNF production to induce and maintain elevated LTP. Pre-treatment alone like in 

my experiments, may not suffice since the 2 h period may not be adequate to induce and 

maintain connectivity and network modifications (by altering structure at dendrites and spines 

level).  

5.1.5 Fingolimod in CNS disorders 

As described in the introduction chapter, there exists extensive literature correlating BDNF 

loss or deficiency to severity or exacerbated progression of several neurological disorders (Ray 

et al., 2014; Dwivedi et al., 2003; Abuhatzira et al., 2007; Brooks-Kayal et al. 2009; Zuccato et al., 2008; Sen et al., 

2017; Laske et al., 2007; Giacobbo et al., 2018; Autry & Monteggia, 2012). Moreover, modulating BDNF-

TrkB signaling by direct and indirect means improves symptom presentation as shown in 

numerous animal disease models. However, the long standing challenge of direct therapeutic 

use due to inefficient diffusion of BDNF across the blood brain barrier as well as its need for 

precise spatial and temporal regulation provides continued motivation for search of alternative 

BDNF-TrkB modulation strategies. Accordingly, drug candidates to trigger endogenous BDNF 

expression have been extensively developed and tested in the last decade. This includes 

Fingolimod, although initially discovered and approved for its immunomodulatory functions is 

now also receiving attention for its BDNF enhancing properties. While its beneficial outcomes 

have been well documented it is not clear how fingolimod induced BDNF could be imparting 

these benefits at the cellular level. For this purpose, in my study I used some disease models 

where fingolimod has been shown to be therapeutically promising, like the Mecp2 transgenic 

mouse model of Rett Syndrome (Deogracias et al., 2012).  Deogracias et al. observed extended 

lifespan, improved motor deficits and reduction in the typical hind limb clasping phenotype of 

Mecp2 knockout mice upon fingolimod administration (Deogracias et al., 2012). A corresponding 

increase in BDNF protein and mRNA was also recorded for different brain regions (Deogracias 

et al., 2012. As an add-on to this study, my results show that fingolimod application onto 

developing Mecp2-/y cortical cultures completely rescues neuronal structural deficits to the 

level of healthy wildtype neurons. The anomalies in neuron structure is pronounced in Rett 

patients (Armstrong et al., 1995) and has also been observed in corresponding mouse models (Baj 

et al., 2014). Since dendritic complexity is correlated to neuronal wiring and connectivity 

(Zikopoulos & Barbas. 2013; Chklovskii 2004), its alterations could lead to abnormal behavioral 

expression as observed in Mecp2 knockout mouse models (Fuchs et al., 2014). Also, impairments 
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in postnatal BDNF expression is correlated with onset of Rett-like phenotypes which are even 

significantly exacerbated upon deletion of the bdnf gene in mice (Chang et al., 2006). Moreover, 

application of exogenous BDNF alone (Kline et al., 2010) or stimulation of BDNF-TrkB signaling 

via TrkB agonists rescued several Rett associated deficits - synaptic and behavioral (Schmid et 

al., 2012; Li et al., 2017). Therefore, the hypothesis that fingolimod based amelioration of Rett 

phenotypes seen by Deogracias et al., could be at least in part due to BDNF-mediated rescue 

of the dendritic alterations is quite plausible. As mentioned above, BDNF/TrkB signaling 

contributes in sustained activation of ERK. Since ERK activity is itself important for BDNF 

induced primary dendrite formation (Alonso et al., 2004) as well as enhanced spine numbers 

(Dijkhuizen & Ghosh, 2005), a BDNF-ERK feedback loop may be regulating overall architectural 

changes in fingolimod treated neurons.   

I also observed partial rescue of neuronal morphology upon fingolimod application on 

developing Cdkl5 knockout cortical neurons, a model for cdkl5 deficiency disorder. Being 

considered a close relative of Rett syndrome due to several overlapping disease phenotypes 

(Kadam et al., 2019; Amendola et al., 2014), Cdkl5-/y neurons also exhibit an altered neuronal 

architecture (Fuchs et al., 2018). In fact, a TrkB agonist was also shown to successfully rescue 

functional and structural impairments in Cdkl5-/y mice (Ren et al., 2019). Nonetheless, role of 

BDNF in etiology of cdkl5 deficiency disorder still remains unclear. Without additional 

experiments my results cannot completely exclude that Fingolimod’s rescue effect may be 

independent of BDNF function, yet the patterns of complete and partial rescue seen in Mecp2-

/y and Cdkl5-/y neurons respectively, could still be speculated to be related to BDNF. The 

position of BDNF is downstream of Mecp2 in the signaling cascade since its activity-dependent 

transcription is regulated by Mecp2 protein. Thus in Mecp2-/y neurons compensation of 

endogenous BDNF levels by fingolimod could rescue the effects of original BDNF loss i.e. 

altered neuronal morphology. In contrast, BDNF appears upstream of Cdkl5 in its signaling 

pathway thereby making BDNF upregulation, an ineffective approach since it cannot 

compensate for a missing intermediate Cdkl5 protein. The partial rescue effects displayed 

Cdkl5-/y neurons may be an indirect neuroprotective action of fingolimod.  

Treatment potential of fingolimod has been fairly promising in Alzheimer’s disease rodent 

models. Orally administered fingolimod ameliorated memory impairments induced by amyloid-

β injection (Fukumoto et al., 2014) and reduced plaque deposition in different AD models (Carreras 

et al., 2019; Aytan et al., 2016). It also protected against neuronal toxicity in vitro caused upon 

exposure to oligomeric Aβ peptides (Doi et al., 2013). Interestingly, both the studies reported 

increased production of BDNF (Fukumoto et al., 2014; Doi et al., 2013) that was even found to be 

indispensable for neuroprotection and required ERK1/2 signaling (Doi et al., 2013). Due to these 

neuroprotective features, I investigated further whether fingolimod could also protect against 



Discussion  &  Outlook  | 102 

 

 

oligomeric-Aβ induced dendritic spine pathology. These soluble Aβ species are synaptotoxic 

in nature and play a pivotal role in synapse failure that underlies cognitive impairment in AD 

(Ferreira et al., 2015; Shea et al., 2019; Yang et al., 2017; Cline et al., 2018; Huang et al., 2020). However, the 

loss of dendritic spines in control pre-treated Aβ-exposed neurons was comparable to the loss 

in neurons pre-treated with fingolimod. The abnormal morphology of dendritic spines also 

could not be prevented, except in high 100 nM FTY720-P treated neurons where a mild 

improvement in spine head diameter was observed. Overall, this indicates that despite its 

ability to protect against neurotoxicity as shown by Doi et al (Doi et al., 2013), fingolimod might 

not be able to protect against spinotoxicity. It is still important to consider whether fingolimod 

could rescue spines from Aβ induced toxicity when applied together or after oligomeric Aβ 

peptides instead of a prior application, since protection could be offered by an acute 

mechanism as shown by Joshi et al. (Joshi et al., 2017). Fast alteration of synaptic/extra-synpatic 

NMDAR ratios by fingolimod co-treatment, was shown to prevent early disturbances in 

neuronal calcium homeostasis caused by soluble Aβ (Joshi et al., 2017). Nevertheless, as 

opposed to my observations a recent study also demonstrated rescue of spine pathology in 

vivo upon chronic fingolimod treatment (Kartalou et al., 2020). Unlike an in vitro system that I used 

for my experiments, an in vivo setup is more physiological since it also takes into consideration 

the neuroinflammatory aspect of AD. In different AD mouse models fingolimod treatments 

modulated neuroinflammatory markers of AD by induction of anti-inflammatory response and 

reduced activation of microglia and astrocytes (Carreras et al., 2019; Kartalou et al., 2020; Aytan et al., 

2016). Therefore, it seems that further corroboration in an in vivo setup is crucial for studying 

fingolimod induced neuroprotection in AD. 

5.2   Conclusions & Outlook - I 

This study explores the novel brain functions of the immunomodulatory drug Fingolimod or 

FTY720 (trade name: Gilenya) prescribed for the treatment of Relapsing-remitting form of 

Multiple sclerosis. Although the ability of fingolimod to accumulate in the brain and exert 

neuroprotective functions is already well established, it remains unclear as to how fingolimod 

exercises these benefits at the cellular level. To address this issue, I studied the effect of 

fingolimod application in vitro, on mature primary hippocampal neuronal cultures. Since 

neuronal morphology is a reliable indicator of neuronal connectivity and hence neuronal 

function, I analyzed the impact of a 24h fingolimod treatment on different aspects of neuronal 

architecture. Fingolimod treated neurons displayed a mild but significant enhancement in the 

complexity of proximal dendrites, total dendritic length and spine density associated with a 

higher proportion of mature mushroom-type spines. In addition, fingolimod treatment also 

augmented the expression of activity-related proteins like c-fos and pERK1/2. Considering 

that several previous studies have frequently reported fingolimod to increase BDNF levels and 
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the activity-dependent BDNF release is crucial in modulating neuronal architecture of mature 

neurons, I further probed whether fingolimod induced structural changes were an outcome of 

enhanced BDNF signaling. Indeed, co-treatment of primary neurons with fingolimod and 

BDNF scavenging TrkB-Fc receptor bodies prevented all structural modifications highlighting 

the importance of secreted BDNF in mediating the effects of fingolimod. However, direct 

analysis of neuronal activity via calcium imaging within spines did not reveal any differences 

in fingolimod treated neurons vs controls, likely because single spine activity may not always 

correlate to overall neuronal firing. In this regard it would be interesting to repeat calcium 

activity experiments where calcium dynamics from cell soma and dendrites are closely 

studied. Bolus-loading of a dye such as Oregon-green BAPTA (OGB-1) would help visualize 

calcium changes in single cell somas and also in the overall network by analyzing 

synchronized firing of several neurons in response to acute or chronic fingolimod treatments.  

Furthermore, since Deogracias and colleagues (Deogracias et al., 2012) successfully showed 

alteration in activity of cortical neuronal cultures after fingolimod treatment at a single-cell level 

by whole-cell patch clamping, this method could also be applied to assess whether a similar 

effect is also exerted onto hippocampal neurons. Besides in vitro experiments, it is also 

important to examine whether Fingolimod-induced BDNF-mediated structural alterations are 

also reproducible in an in vivo condition. For this, healthy WT mice could either be injected or 

fed (in food or water) with fingolimod (acute and/or chronic administration) followed by 

evaluation of neuronal architecture and expression of activity related proteins. It would also 

be interesting to analyze neuronal activity in ex vivo hippocampal slices obtained from these 

animals either via calcium imaging or electrophysiological measurements of LTP. In vivo 

experiments additionally offer the possibility of linking structural and activity observations to 

behavior. Using, different behavioral paradigms to study hippocampal-dependent memory 

such as Barnes maze, Morris water maze etc. the influence of fingolimod (if any) on the 

learning and memory performance of treated mice can also be evaluated. 

In my study, I also probed if fingolimod-mediated structural effects observed in healthy 

neurons could rescue the neuronal defects in a scenario where BDNF-deficiency and 

anomalies in neuronal structure are well known. First, to replicate synaptic dystrophy 

associated with Alzheimer’s disease (AD), primary hippocampal neurons were treated with 

oligomeric amyloid-β42 (Aβ42) which resulted in a significant loss of dendritic spines and altered 

spine morphology. Thereafter, the hypothesis that fingolimod may protect neurons against 

Aβ42 – induced spinotoxicity was tested. Pre-treatment of neurons with fingolimod for 24 h 

before Aβ42 exposure, however failed to protect against spine loss and altered spine 

morphology. These findings may rather be contradictory to the observations in in vivo 

treatment of AD mouse models where spine loss was prevented upon fingolimod treatment 
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(Kartalou et al., 2020). Hence it is worth to conduct another set of in vitro experiments with slight 

modification of fingolimod treatment. One way would be to co-treat (instead of pre-treat) the 

neuronal cultures with fingolimod and Aβ42 simultaneously to study the drug’s neuroprotection 

ability or in the other way fingolimod treatment could be done following Aβ42 exposure to 

explore the drug’s rescue ability. 

Two X-linked neurodevelopmental disorders were also chosen to study fingolimod’s 

therapeutic potential - Rett syndrome (RTT) and Cdkl5 deficiency disorder (CDD). Since RTT 

and CDD also exhibit deficits in neuronal structure and dysfunctional BDNF signaling, young 

developing neurons from Mecp2 and Cdkl5 knockouts were treated for one week with 

fingolimod in vitro during development. Strong abnormalities in overall neuronal structure were 

evident in both Cdkl5 and Mecp2 knockout neurons in comparison to healthy controls as 

simpler neurite complexity, shorter total neurite length and reduced number of primary 

neurites. While treatment with fingolimod completely rescued the structural deformities of 

Mecp2 knockout neurons, the treatment only partially improved the defects in Cdkl5 knockout 

neurons. Whether these rescue effects exerted by fingolimod also require BDNF cannot be 

confidently said without additional experiments. Like with mature neurons, application of TrkB-

Fc receptor bodies together with fingolimod during in vitro development of young Mecp2 and 

Cdkl5 knockout neurons would help resolve this query. Moreover, it is also essential to 

investigate if fingolimod’s rescue of disease phenotype might also extend to mature Mecp2 

and Cdkl5 knockout neurons and the accompanying complex features like dendritic spines, 

inhibitory and excitatory synapses, neuronal activity at single-cell and network levels etc. 

These aspects also need further corroboration in in vivo juvenile as well as adult knockout 

animals. Although Deogracias et al., reported improvement in motor behavior of Mecp2 

knockout animals following fingolimod administration, the cellular basis of these improvements 

(rescue of underlying neuronal structure deficits?) remain elusive. Conversely, for CDD mouse 

models there exist no reports so far, of fingolimod treatment in vivo and whether the partial 

improvements observed in vitro could offer benefits on a larger scale such as activity and 

behavior. 

Part B| Role of p75NTR in mediating amyloid-β driven spine-pathology in 

Alzheimer’s disease (AD) 

5.3 Discussion - II 

An early trademark pathological feature of AD that is correlated to cognitive decline is aberrant 

synapse loss. The identification of Aβ oligomers as agents of synapse loss, prompted the 

search for understanding underlying causative mechanisms. One of the elementary 

approaches involved finding interacting partners of Aβ oligomers and following the signaling 
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cascades elicited downstream. Among several membrane receptors, p75NTR is one such 

receptor that binds to different species of Aβ oligomers and mediates downstream signaling 

(Yaar et al., 1997; Yaar et al., 2001; Knowles et al., 2009). In the context of AD its increased expression 

levels has been linked to a possible purpose (Chakravarthy et al., 2012; Costantini et al., 2005; Hu et al., 

2002; Mufson & Kordower, 1992). This purpose is largely accepted to be induction of apoptosis 

since cell death is extensive in AD. But whether the role of p75NTR extends to other non-lethal 

phenotypes remains an open research question that has received lesser attention and was 

therefore addressed in my study.  

5.3.1 The concentration paradigm of amyloid-β: nanomolar is not lethal 

The disruption of Aβ homeostasis due to ageing, oxidative stress or a genetic predisposition 

can cause the generally rapidly cleared Aβ to accumulate and form oligomers thus slowing 

their clearance. This transition is known to occur at a critical concentration interval of 60 nM - 

120 nM in vitro (Novo et al., 2018). These oligomer seeds eventually self-assemble into insoluble 

fibrils and later into plaques that are resistant to degradation and clearance. Interestingly, low 

levels and monomeric forms of Aβ peptide has several physiological functions like promoting 

neurite outgrowth (Koo et al., 1993), enhancing neuronal survival (Whitson et al., 1989) and even 

keeping neuronal hyperactivity in check (Kamenetz et al., 2003). Despite its biological importance 

at picomolar (pM) concentrations (Gulisano et al., 2019; Lazarevic et al., 2017; Morley et al., 2010; Puzzo 

et al., 2008; Plant et al., 2003), the switch to nano (nM) and micro (μM) molar levels of Aβ in 

extracellular space gives rise to it toxic properties.  

While at nM concentrations it negatively regulates activity-dependent synaptic plasticity (Puzzo 

et al., 2008; Wang et al., 2002), in the μM range it is well known to induce neuronal cell death in vitro 

(Loo et al., 1993; Knowles et al., 2009; X Han et al., 2017; Leong et al., 2019). This is in agreement with my 

observations where in comparison to the vehicle control, 500 nM Aβ oligomers neither 

increased the expression of apoptotic marker – Cleaved caspase-3 nor of the nick end TUNEL 

labeling of DNA fragments in treated neurons, suggesting this concentration to be non-lethal. 

Since 500 nM is the highest dosage that was used throughout my experiments and it failed to 

induce apoptosis, it is likely that the other lower nM concentrations are also not lethal. The 

basal levels of staining observed for cleaved caspase-3 and TUNEL in both the control and 

test sets seem to be non-neuronal as there exists no overlapping immunoreactivity for the 

neuronal marker MAP2. 

5.3.2 Amyloid-β oligomers induces concentration dependent dendritic spine 

abnormalities 

Since degenerating neurons are detrimental for overall connectivity of neuronal networks, it is 

important to study whether sub-lethal Aβ concentrations could induce neuronal dystrophy. In 
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previous reports deposition of fibrillary forms of Aβ has been associated with atrophy and 

altered curvatures of dendritic shafts (Grace et al., 2002; Tsai et al., 2004; Knowles et al., 1999). 

Intriguingly, studies in AD mouse models have revealed that neuronal structural abnormalities 

and Aβ deposits share a spatial correlation. In plaque vicinity, not only are the dendrites 

abnormal but they also display amplified spine elimination in comparison to the dendritic 

segments distal to the plaque (Kartalou et al., 2020; Spires-Jones et al., 2007; Dong et al., 2007). But 

synaptic dysfunction and functional deficits on the other hand can manifest even prior to 

fibrillary deposition contributing to early cognitive impairment in developing AD (Mucke et al., 

2000). These have been associated to the levels of soluble Aβ (Näslund et al., 2000). The soluble 

oligomeric Aβ species rapidly and preferentially accumulate at dendritic spines and exist there 

for hours after exposure (Zempel et al., 2012; Patnaik et al., 2020). This association likely induces 

alterations in pre and post-synaptic structures (Calabrese et al., 2007) thereby inducing a 

significant loss of dendritic spine protrusions by 6 h in DIV 21 (Lacor et al., 2007) as well as DIV 

14 hippocampal neurons (Patnaik et al., 2020). The loss of spines in DIV 14 neurons was 

significant at ≥ 100 nM concentrations of Aβ (Patnaik et al., 2020). Likewise, reduced spine 

numbers were observed in Aβ exposed DIV 21 neurons which was also accompanied with 

abnormal changes in shape of the remainder spines as reported by Lacor et al. (Lacor et al., 

2007) and also illustrated for DIV 14 neurons as lengthening of spines and shrinkage of spine 

head diameters (Patnaik et al., 2020). This immature filopodia-like spine phenotype was 

statistically significant for concentrations ≥ 100 nM (Patnaik et al., 2020).  

Upon repeating these experiments with older DIV 21 hippocampal neurons, I also observed a 

very similar phenotype. However, in these more mature neurons dendritic spine density 

displayed a clear step-wise decrease directly proportional to the applied oligomer 

concentration from 10 nM to 500 nM; significant at ≥ 50 nM. It is although somewhat perplexing 

that the maximum loss noted in spine density was ~ 20 % even when the peptide concentration 

was raised 10 times - from 50 nM to 500 nM. It cannot be said with certainty at this point, 

whether this occurs due to resistance exhibited by the neurons against spine loss or if 

increasing concentration of Aβ oligomers negatively affects its toxic efficiency. Furthermore, 

the atypical remainder spines with longer spine bodies and narrower spine heads, were 

already evident at lower concentrations (≥ 10 nM) even though the quantitative measures were 

statistically not significant. Only at higher Aβ oligomer concentrations, when greater number 

of spines began exhibiting the distorted shapes, the spine length and spine head 

measurements became statistically significant. Interestingly, a recent study uncovered 

increased incidence of thin and long dendritic spines in spine populations of human pre-frontal 

cortices in association with aging and AD (Boros et al., 2019). Thus suggesting, that the peculiar 

https://jamanetwork.com/searchresults?author=Jan+N%c3%a4slund&q=Jan+N%c3%a4slund
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spine abnormalities observed in vitro in the presence of Aβ oligomers are consistent with in 

vivo AD pathophysiology.  

5.3.3 Role of p75NTR in AD also extends to spinotoxicity 

Aβ oligomers display an odd selectivity for the CNS, specifically for synapses (Lacor et al., 2004). 

On the one hand it is considered to be a charge-based membrane interaction (Wilcox et al., 2015; 

Sepulveda et al., 2010) while on the other it is recognized as a specific binding of different sizes 

of oligomeric Aβ ligands to cell surface proteins (Hefti et al., 2013; Mroczko et al., 2018). The diversity 

of oligomeric Aβ toxicity is postulated to originate from several receptor partners, of which, 

over 20 possible candidates are currently known. Of these, the p75NTR via its intracellular death 

domain was identified to primarily signal for cell death in cultured primary neurons and cell 

lines by Aβ1-40 aggregates (Yaar et al., 1997; Yaar et al., 2002; Rabizadeh et al., 1994), fibrillar Aβ (Perini 

et al., 2002) and Aβ1-42 oligomers (Sotthibundhu et al., 2008; Knowles et al., 2009). Inhibition of p75NTR 

signaling subsequently protected against induced cell death (Yaar et al., 2007; Knowles et al., 2009). 

Also, transgenic mice with deleted p75NTR extracellular domain - considered vital for mediating 

Aβ neurotoxicity (Perini et al., 2002), exhibited significantly lesser neuronal loss after Aβ injection 

(Sotthibundhu et al., 2008).  

However, it remains elusive whether at sub-lethal concentrations Aβ-p75NTR interaction may 

elicit an alternate response targeting neuronal structure. Although Knowles et al. previously 

linked p75NTR to substantial dendritic dystrophy in cultured neurons at sub-lethal μM Aβ 

concentrations (Knowles et al., 2009), they did not address effects on the post-synaptic 

compartments where the Aβ oligomers generally bind onto dendrites. By means of loss-of-

function and gain-of-function approaches Patnaik et al. correlated the entity of the Aβ induced 

spine loss to the levels of p75NTR expression (Patnaik et al., 2020). While loss of p75NTR in primary 

hippocampal neurons rescued the dendritic spine loss and the associated spine deformities, 

neuronal overexpression of p75NTR aggravated the phenotype (Patnaik et al., 2020). It was also 

revealed that accumulation of Aβ oligomers at the dendrites was directly proportional to the 

expression of p75NTR (Patnaik et al., 2020). This is an interesting finding, since p75NTR expression 

is inversely related to spine numbers in healthy adult hippocampal neurons (Zagrebelsky et al., 

2005) and besides that its expression unusually upregulated in AD pathophysiology 

(Chakravarthy et al., 2012; Costantini et al., 2005; Hu et al., 2002; Mufson & Kordower, 1992). Hence, it seems 

that at sub-lethal Aβ concentrations, the role of p75NTR in mediating Aβ toxicity also extends 

to spinotoxicity. 
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5.3.4 Aβ-p75NTR signaling initiates disruption of actin spinoskeleton 

Dendritic spines are enriched in actin protein which is dynamically 

modulated to not only control the formation and elimination but 

also the shape and size of these post-synaptic protrusions (Halpain 

et al., 2000; Ethell & Pasqualle 2005; Hotulainen & Hoogenraad 2010). The 

distortion in spine morphology upon oligomeric Aβ exposure as 

observed in my experiments (and also Lacor et al., 2007; Patnaik et al., 

2020), is thus indicative of anomalies in underlying actin 

cytoskeleton. Indeed, Rush et al. observed significant enrichment 

of F-actin levels only in post-synaptic fractions isolated from 

cultured cortical neurons treated with Aβ oligomers for 30 min (Rush 

et al., 2018). To further support this, in my experiments with wild-type 

neurons spine heads specifically associated with Aβ oligomers 

showed unusually high phalloidin-labelled filamentous actin within 

10 minutes after Aβ application whereas spine heads that had no 

associated Aβ puncta displayed control-like F-actin levels. Generally, spine head and neck 

are organized to accommodate both globular/monomeric (G) actin as well as 

filamentous/polymeric (F) actin (Hotulainen & Hoogenraad 2010; Pelucchi et al., 2020). While the spine 

head is typically packed with short branched actin filaments arranged in a dense network, the 

spine neck contains relatively simpler longitudinal linear filaments (Hotulainen & Hoogenraad 2010; 

Pelucchi et al., 2020). Within the spine head itself two different F-actin pools can be distinguished 

– the dynamic pool with high turnover rate is localized in the spine head periphery or tip 

whereas the static pool that exhibits slower turnover is localized internally close to the base of 

spine head (Honkura et al., 2008; Pelucchi et al., 2020). Upon closer look at the Aβ associated spine 

heads in my experiments, increase in F-actin becomes discernible in the internal static pool 

(Fig. 5.2), which is critical for the stability of spine structure (Honkura et al., 2008; Pelucchi et al., 

2020). Whether this increase of F-actin induced by Aβ oligomers, precedes the abnormal spine 

elongation or spine elimination cannot be determined without further time-lapse live cell 

imaging. Although spine elongation is a polarized phenomenon driven by F-actin 

polymerization (Chazeau et al., 2014), it may be an intermediate step before final elimination. A 

similar phenomenon has been previously described downstream of EphrinA signaling where 

an initial spine elongation is ultimately followed by spine retraction (Zhou et al., 2012). The 

elongation phase was explained as a reorganization event that may occur over minutes to 

hours for relocation of post-synaptic components before the retraction phase (Zhou et al., 2012). 

They found early rapid (within 2-5 min) cofilin de-phosphorylation or activation to precede such 

spine elongation events (Zhou et al., 2012). Here, cofilin- the actin depolymerization/severing 

eGFP 

 

Aβ 

 

Phalloidin 

Figure 5.2| Dendritic 

spine co-localized with 

Aβ42 (left) displaying 

increase in F-actin 

(right). This actin pool 

appears contained closer 

to the base of the spine 

head. eGFP (green), Aβ 

(red) and Phalloidin 

(magenta).  Scale: 1 µm 
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factor was speculated to initiate spine restructuring by severing F-actin to make more barbed 

ends of actin available for polymerization and extension (Zhou et al., 2012). However, in the 

context of AD, brain tissues from patients and transgenic rodent models as well as in vitro 

cellular models display elevated levels of inactive or phosphorylated-cofilin (Han et al., 2017; Rush 

et al., 2018). A 30 min exposure to Aβ oligomers induced significant phosphorylation of cofilin in 

post-synaptic fractions isolated from cultured cortical neurons that was necessary for the 

increase in post-synaptic F-actin pool (Rush et al., 2018). So taken together, to link oligomeric Aβ 

induced increase in stable F-actin pool and spine elongation, cofilin activity could be 

hypothesized to occur in a bi-phasic fashion. An acute interaction with Aβ peptide may first 

trigger a rapid (within 2-5 min) but transient cofilin activation/dephosphorylation to initiate spine 

reorganization, that may be followed by cofilin inactivation/phosphorylation (by 30 min) which 

is rather prolonged and likely accumulates in course of time interfering with the dynamics of 

actin spinoskeleton. 

The significance of cofilin-actin interplay in Aβ associated dendritic spin pathology is further 

highlighted upon pharmacological inhibition of upstream regulators of cofilin – the ROCK and 

LIMK which prevented or rescued Aβ synapto/spino-toxicity (Rush et al., 2018; Henderson et al., 

2019, 2016; Herskowitz et al., 2013; Sellers et al., 2017). However, for the translation of Aβ signal at the 

plasma membrane to the intracellular cytoskeletal response a mediator is required – the role 

of which is fulfilled by Rho GTPases. In fact, two Rho GTPases well known for regulation of 

dendritic spine morphology but antagonistic roles are Rho and Rac (Tashiro et al., 2000). While 

Rac promotes appearance of spines, RhoA promotes spine retraction and loss along with 

stabilization of shorter spines (Tashiro et al., 2000). And indeed 10 min post Aβ application RhoA 

activity was significantly amplified in wildtype neurons, though the p75NTR knockout neurons 

displayed only control levels of RhoA activity after Aβ exposure.  This potentially indicates the 

requirement of p75NTR in Aβ induced RhoA upregulation. Additionally, it also explains the 

reduced F-actin levels in Aβ associated spine heads in peptide treated p75NTR knockout 

neurons in comparison to the Aβ associated spines of wildtype neurons. Although the F-actin 

in Aβ treated p75NTR knockout neurons was slightly higher than the vehicle control, this might 

be caused by alternative signaling pathways triggered by Aβ. Nevertheless, it can be 

concluded that Aβ-p75NTR signaling activates RhoA leading to prompt actin cytoskeleton 

changes in dendritic spines. 

5.3.5 p75NTR - RhoA - ROCK signaling is essential for dendritic spine pathology 

Finally, to confirm that RhoA/ROCK activation is required for Aβ mediated subsequent 

dendritic spine toxicity, inhibitors targeting different signaling cascade were applied. The Rho 

kinases ROCK1/2 that are downstream effectors of RhoA but upstream of cofilin are 
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upregulated in Mild cognitive impairment as well as AD (Henderson et al., 2016; Herskowitz et al., 

2013). Pharmacological blockers of ROCKs not only reduced Aβ (Henderson et al., 2016; Herskowitz 

et al., 2013) levels but also prevented actin dysregulation preceding synaptic loss (Rush et al., 

2018). Also in my experiments, co-treatment with Y-27632 a ROCK1/2 inhibitor prevented spine 

density decrease caused by 6h treatment with Aβ oligomers. Correspondingly, the occurrence 

of irregularly shaped spines was also suppressed. This is in agreement with a report where 

Henderson et al. inhibited the ROCK/LIMK pathway which rendered dendritic spines resilient 

to Aβ induced aberrations (Henderson et al., 2016).  

With respect to p75NTR, RhoA activation was first reported to modulate axonal outgrowth 

(Yamashita et al. 1999). The constitutive activation of downstream RhoA is inhibited by 

neurotrophin binding onto p75NTR, suggesting that in an unbound state p75NTR induces RhoA 

activation (Yamashita et al. 1999; Gehler et al., 2004). Thereafter, in an attempt to interfere with the 

Rho signal transduction, p75NTR became an attractive target and vice-versa. Later Yamashita 

and Tohyama defined the role of p75NTR as a displacement factor that released RhoA from 

Rho-GDI complex at the intracellular face of plasma membrane and developed TAT-Pep5, a 

15 amino acid residue peptide that disrupts Rho-GDI recruitment to p75NTR thereby silencing 

p75NTR function (Yamashita and Tohyama 2003). In my experiments, when primary hippocampal 

neurons were treated with Aβ oligomers in presence of TAT-Pep5, aberrations in spine 

morphology were completely abolished and spine loss was also prevented. Overall, 

pharmacological inhibition confirms a critical role of p75NTR function in facilitating Aβ induced 

spine pathology for which RhoA-ROCK signaling is necessary.  

5.4   Conclusions & Outlook - II 

Since the typical hallmark of AD – Aβ plaques correlate poorly to synapse and memory loss, 

the preferential binding of oligomeric Aβ species at synapses via its putative receptors is 

considered to be responsible for synapto-toxicity. Hence with this idea, I worked towards 

understanding the non-lethal effects of the interaction between Aβ oligomers and one of its 

cell surface receptors, the p75NTR in primary hippocampal neuronal cultures. It was found that 

at nM concentrations Aβ oligomers do not induce neuronal apoptosis via p75NTR, rather they 

induce spinotoxicity in WT hippocampal neurons by reducing dendritic spine density and 

inducing aberrations in spine morphology in the residual spines. Consequently, the spines 

appear abnormally elongated with reduced head diameters. But whether structural changes 

may precede spine elimination is not really clear in my study. To assess this, a time-lapse live 

cell imaging experiment of hippocampal neuronal cultures with bath application of Aβ 

oligomers would be required. To visualize real-time association of Aβ oligomers with dendritic 

spines, not only should the neurons express a fluorescent protein but also the oligomers 

should have a fluorescent tag, such as a combination of mApple transfected neurons (red 
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emitting at 592 nm) and FITC tagged Aβ (green emitting peak at 525 nm). The life of a spine 

can then be tracked before and after association with Aβ oligomers to assess if the spine 

undergoes elongation and head width shrinkage before disappearing. In addition, since in my 

experiments I observed that in the spine heads associated with Aβ oligomers, a rapid 

cytoskeletal remodeling is initiated by increase in local F-actin levels (at 10 min after 

application), it would also be interesting to study the real-time actin dynamics in these spine 

heads to address the following questions – post Aβ-association when does the F-actin 

increase start, how long it persists and how it correlates to change in spine structure. Given 

that, in p75NTR deficient neurons Aβ-induced spine loss and morphological changes were 

prevented whereas p75NTR overexpression aggravated the spine phenotype (Patnaik et al., 2020), 

similar time-lapse imaging experiments (as described above) can be performed in parallel on 

one hand with neurons lacking the p75NTR and on the other hand with neurons overexpressing 

the p75NTR. It would be interesting to assess if altered p75NTR expression may influence the 

kinetics and/or dynamics of actin and the alterations in spine structure that usually follows Aβ-

spine association. This may help understand the differential signaling downstream of p75NTR 

loss or gain that protects or exacerbates Aβ induced spinotoxicity respectively.  

My results also depict that activation of the cytoskeletal regulator RhoA occurs downstream of 

p75NTR-Aβ interaction and it is crucial for the structural alterations of dendritic spines as 

blockers of p75NTR- Rho/ROCK cascade prevented these morphological abnormalities. As 

mentioned in the preceding section 5.10, cofilin forms the link between the Rho/ROCK 

pathway and actin modulation. To investigate whether cofilin activation downstream of p75NTR 

- Rho/ROCK pathway occurs in a bi-phasic fashion upon Aβ application (rapid transient 

activation by 2-3 min followed by de-activation by 30 min) as I hypothesize in section 5.10, 

fixation and immunostaining for dephosphorylated or active cofilin in WT primary hippocampal 

neurons can be done at the two suggested time points after Aβ treatment.  

Also, it would be further interesting to probe the relation of cofilin to p75NTR signaling - whether 

cofilin activity is reduced in p75NTR knockout neurons and conversely enhanced in p75NTR 

overexpressing neurons upon Aβ exposure. For this, immunostaining or western blot analysis 

of cofilin/p-cofilin ratios from post-synaptic fractions from WT, p75NTR knockout and p75NTR 

overexpressing neurons can be performed. Lastly, another approach to understand the 

importance of cofilin in Aβ induced p75NTR - Rho/ROCK – cofilin? - actin signaling could be to 

either overexpress mutant phospho-cofilin (p-cof) in WT neurons or treat them with a cell 

permeable TAT-p-cof peptide. Such an overexpression or treatment would block the 

downstream dephosphorylation/activation of endogenous cofilin by excessive interaction with 

binding sites of the phosphatase responsible for cofilin dephosphorylation. Assuming that 
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cofilin activation precedes actin destabilization, its blockade should be protective against Aβ-

induced spino-skeleton toxicity.  

Overall, identification of different components and their importance in this pathway will 

ultimately contribute towards developing therapeutic strategies to combat synapse loss in AD. 

Part C| Hippocampal asymmetry in a mouse model of Cdkl5 deficiency disorder 

5.5 Discussion - III 

Hemispheric specialization or lateralization is a central feature of several vertebrate brains. In 

humans, behaviors like language production and comprehension, handedness, motor 

preference etc. present an asymmetric organization in the brain correlated to anatomical 

asymmetries in aspects like volume, cytoarchitecture and neurochemistry of the specialized 

regions. This property also extends to the hippocampus which is the hub of learning and 

memory. Asymmetry in the bilateral structures of the hippocampus, is observed early on during 

development even in-utero, with the right hippocampus being larger than the left (Thompson et 

al., 2009). In terms of cognitive function, data from patients with unilaterally resected temporal 

lobe has helped deduce differential functions of the left and the right hippocampus. While 

damage to the right hippocampus produces a profound deficit in spatial memory (maze tasks, 

spatial sequences etc.) (Smith & Milner, 1981; Corkin, 1965; Abrahams et al., 1997; Spiers et al., 2001), left 

hippocampal damage affects episodic, contextual and autobiographical memory (Maguire & Frith, 

2003; Spiers et al., 2001).  

Interestingly, some diseases may develop and progress asymmetrically, for example, in AD 

brains, atrophy in the left hippocampus has been observed to advance faster than in the right 

hippocampus with disease progression (Müller et al., 2005; Pedraza et al., 2004; Cherbuin et al., 2010; 

Woolard and Heckers, 2012). Not only is the leftward atrophy detectable in hippocampal subfields 

CA1, CA3, CA4 etc. as decrease in volume (Sarica et al., 2018) but also, it correlates with decline 

in episodic memory (Novellino et al., 2018). Likewise, recently in an AD rodent model facilitation 

of long term depression was recorded preferentially in the left hippocampus in presence of 

toxic Aβ oligomers (O’Riordan et al., 2018). Derived from these findings, like AD, other disorders 

may presumably also express asymmetric progression in the hemispheres but, this concept 

but has been seldom investigated. 

Hence, through my study I probed the possibility of hippocampal asymmetry in the 

neurodevelopmental Cdkl5 deficiency disorder (CDD) occurring due to a mutated X-linked 

serine/threonine kinase - Cdkl5 and characterized by significant deficits in hippocampal-

dependent learning and memory in various rodent models as well as correlated to intellectual 
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disability in patients (Fuchs et al., 2018; Tang et al., 2017; Wang et al., 2012; Okuda et al., 2018). In acute 

hippocampal slices from Cdkl5 knockout mice, I observed impairments in electrophysiological 

activity. Although the loss of Cdkl5 does not alter basal synaptic transmission (represented as 

input-output curves) as also seen previously (Yennawar et al., 2019; Okuda et al., 2018), I observed 

a significant enhancement in LTP for Cdkl5 hemizygous males compared to the WT littermate 

controls. In agreement with my observations, a similar phenotype was reported by Okuda et 

al. and by Yennawar et al. in hippocampal slices from hemizygous Cdkl5 males at 7-13 weeks 

(Okuda et al., 2018) and at ~ 4 weeks respectively (Yennawar et al., 2019). However, the effect size 

observed by Okuda et al. was relatively mild possibly due to the age of the mice used. This is 

discernible in my experiments since, the effect on LTP could be observed in 6-8 week old mice 

but was no longer visible at 14-16 weeks, highlighting age-dependency of this phenotype and 

indicating that the usage of animals from a larger age-range could suppress the overall 

changes in LTP amplitude. Also, when compared to the elevated hippocampal LTP observed 

by Yennawar et al. (Yennawar et al., 2019) in slices from ~4 week old (P28-P32) Cdkl5 mutants, 

a much more pronounced effect was seen than the one reported by Okuda et al.. Overall, the 

enhancement in LTP amplitude is consistently exhibited across different mouse models of 

CDD – either carrying knockout mutation, as used in my experiments and by Okuda et al. 

(Okuda et al., 2018) or in knock-in mutation carrying Cdkl5R59X mice (Yennawar et al., 2019). Unlike 

for Cdkl5 hemizygous males, field potential recordings have not yet been reported in slices 

from female heterozygous mice even though their importance as valuable CDD models has 

been established (Fuchs et al., 2018). This is primarily due to random X-inactivation in females 

which may pose a significant challenge in drawing reliable conclusions from experimental 

findings. Nevertheless, heterozygous female mice are critical in understanding the disorder, 

given their clinical relevance and closer mosaic representation of mutated Cdkl5 cells as in 

majority of the CDD patients. Hence, my observations here are a first report showing altered 

field potential recordings in heterozygous females expressing reduced level of Cdkl5 protein. 

Although the basal synaptic transmission and paired-pulse ratios were comparable between 

the transgenic and control mice, LTP was significantly reduced in the knockouts aged 10-12 

weeks.  

5.5.1 Mechanism of Cdkl5 deficiency or dysfunction in affecting LTP 

Irrespective of gender and gene dosage, overall alterations in LTP upon reduction or absence 

of Cdkl5 function likely indicates a possible involvement of the major players in synaptic 

plasticity - the glutamate receptors, especially NMDARs and AMPARs. Indeed in Cdkl5 

deficient male mice, hyperexcitability at the CA3-CA1 hippocampal synapses was reported to 

be an outcome of the over accumulation of GluN2B containing NMDARs and was abolished 
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upon antagonistic targeting of these NMDARs. (Okuda et al., 2018). Interestingly, higher content 

of GluN2B at synapses has been previously correlated to elevated LTP in mice (Tang et al., 1999; 

Cao et al., 2007; Hawasli et al., 2007) – an effect also observed in my experiments. Furthermore, 

GluA2-lacking AMPARs were also found to be increased at hippocampal synapses in a CDD 

mouse model as well as in postmortem tissue from CDD patients (Yennawar et al., 2019). While 

blocking of elevated NMDAR signaling specifically improved autistic-phenotypes but not the 

learning and memory deficits in the Cdkl5R59X transgenic mice (Tang et al., 2019), targeting 

AMPAR signaling attenuated hyperexcitability and short term working memory deficits 

(Yennawar et al., 2019). Hence, abnormal NMDAR and/or AMPAR expression and downstream 

signaling seem to underlie several CDD-associated phenotypes. Knowing that synaptic 

receptor expression and function is dependent on receptor trafficking into and out of the 

synapses, scaffolding or clustering, stabilization and removal - it can be postulated that Cdkl5 

loss may be interfering with these processes.  

The NMDAR and AMPAR tetramers generally contain different combination of subunits that 

determines their properties – like degree of conductance, ion selectivity and associated 

intracellular cascades. For NMDARs the GluN2B expression switches to GluN2A containing 

NMDARs during maturation of excitatory synapses (Petralia et al., 2005; Barria et al., 2002) as 

GluN2A-NMDARs are less mobile than GluN2B-NMDARs (Groc et al., 2006) and display a 

preferential binding to PSD-95 limiting their internalization from synapses (Perez-Otano & Ehlers, 

2005). A function of Cdkl5 was identified to strengthen the interaction between tethering 

proteins PSD-95 and netrin-G1 ligand or NGL-1 (Ricciardi et al., 2012). NGL-1 dysfunction 

influences the translocation of NGL-2 into the synapses that directly complex with NMDARs 

and PSD95 (Choi et al., 2019). Hence, loss of Cdkl5 function may alter synapse stability and 

GluN2s clustering at the synapses. Accumulation of synaptic GluN2B as observed in Cdkl5 

deficient synapses (Okuda et al., 2018; Tang et al., 2019) could also be an outcome of defective 

removal or degradation machinery. For removal of GluN2B NMDARs- either interaction of 

Clathrin associated adaptor protein complex (AP-2) with an internalization motif of GluN2B 

(Roche et al., 2001) or degradation of GluN2B by the protease calpain is required (Hawasli et al., 

2007), but whether Cdkl5 may regulate AP-2 or calpain function directly is currently unknown. 

However interestingly, the calpain mediated N2B degradation is facilitated by another 

serine/threonine kinase Cyclin dependent kinase 5 or Cdk5 (Hawasli et al., 2007). Unlike its other 

family members, Cdk5 is pre-dominantly detected in post-mitotic neurons (Tang and Wang 1996; 

Dhavan and Tsai 2001; Hisanaga and Saito 2003) and is activated by a neuron-specific activator (Wu 

et al., 2000; Tarricone et al., 2001; Hisanga & Endo, 2010). Although at the moment there exists 

absolutely no evidence of similar or overlapping functions between Cdk5 and Cdkl5, 

considering their high sequence similarity and activity (also a reason of similar nomenclature; 
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Canning et al., 2019), localization (Tang and Wang 1996; Dhavan and Tsai 2001; Hisanaga and Saito 2003), 

functions in neurite outgrowth (Sasaki et al., 2002; Cheung et al., 2007) and synapse formation 

(Cheung and Ip 2007; Hisanga & Endo, 2010), there could be a likelihood of related targets or merging 

pathways of these two kinases. In fact, a conditional knockout of hippocampal Cdk5 also 

produced elevated LTP and increased levels of synaptic GluN2B (Hawasli et al., 2007). However, 

unlike Cdkl5 deficient mice these conditional Cdk5 knockouts performed much better in 

hippocampal-dependent learning tasks compared to the WT controls (Hawasli et al., 2007). 

Overall, this is suggestive of a limited correlation of activity or a possible mingling of molecular 

pathways of these two kinases. If true, this may also provide a clue towards understanding 

why in Cdkl5 knockout hemizygous males, hippocampal LTP deficits disappear at 14-16 

weeks. At least with regard to this phenotype, Cdk5 could be a candidate protein that 

(over)acts gradually to compensate for loss of Cdkl5 function in mice.  

Cdkl5 contribute to synaptic plasticity, not only via NMDARs regulation, but also via AMPARs. 

Following high frequency stimulation, interaction of CaMKII with NMDARs may lock CaMKII 

in an activated state, decrease association with PSD-95 and bring it in proximity to its target, 

AMPARs (Barria et al., 2005 Bayer et al., 2001; Malinow & Malenka, 2002). Phosphorylation of AMPARs 

increases their synaptic insertion and conductance. A transient appearance of GluA2 lacking 

AMPARs that are not only permeable to Ca2+ but also display high conductance for Na+, has 

been suggested to be crucial for LTP induction and maintenance (Plant et al., 2006) and GluA2 

lacking AMPARs are in fact upregulated in Cdkl5 deficient mice (Yennawar et al., 2019). Since 

AMPARs diffusion, insertion, clustering and stabilization into the synapses are regulated by 

several Transmembrane AMPA regulatory proteins or TARPs (Tomita et al., 2004, Sumioka et al., 

2010; Huettner et al., 2017) whose phosphorylation plays a critical role in their function, it might be 

that the TARPs act as substrates for Cdkl5 kinase activity. Considering that Stargazin – the 

most studied TARP is phosphorylated by activity-dependent kinases like PKC and CaMKII on 

its conserved serine residues (Tomita et al., 2005), it is a reasonable guess that there may be 

other TARPs (identified or unidentified) whose serine (and/or threonine) residues could be 

phosphorylated by Cdkl5. In agreement with this theory, observations made by La Montanara 

et al. are interesting as they found a rapid and transient NMDA-dependent upregulation of 

locally translated Cdkl5 in the synapses following neuronal depolarization (La Montanara et al. 

2015). However, since in all the Cdkl5 mutant mice, LTP induction itself was not prevented, but 

rather its amplitude was increased, it can be speculated that Cdkl5 target(s) TARP may play 

a role in modulating AMPA conductance and hence synaptic strength. 
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5.5.2 Why are the LTP impairments asymmetric in Cdkl5 deficient hippocampus? 

It is quite intriguing to note that both the male and female Cdkl5 transgenic mice displayed 

LTP alterations unilaterally in the left hippocampus. On the one hand, in heterozygous Cdkl5 

females LTP was reduced and on the other hand, in hemizygous Cdkl5 males LTP values 

were increased specifically in the left hippocampus. Through the following two hypotheses, I 

have attempted to provide an explanation for these novel and puzzling observations. 

i) The GluRs hypothesis 

Given that the major drivers of LTP are the glutamate receptors (GluRs), an elementary 

explanation for asymmetric impairment in hippocampal LTP could be the different distribution 

of GluRs, especially NMDARs and AMPARs between the two hippocampi. This idea is inspired 

from a series of previous experimental findings regarding distinct expression patterns of GluRs 

subunits at the post-synaptic density in the left and the right hippocampus in healthy rodents.  

Shinohara et al. reported that the hemispheric origin of pre-synaptic CA3 Schaffer collateral 

axon determines the size and receptor allocation of CA3-CA1 synapses, on the apical 

dendrites of CA1 pyramidal cells (Fig. 5.3, Shinohara et al., 2008). Given that the CA3 commissural 

axons project inter-hemispherically, the synapses made by the left CA3 Schaffer collateral 

axons on ipsilateral (left CA3 on left CA1) as well as contralateral (left CA3 on right CA1) CA1 

apical thin spines are mainly small and dense in GluN2B subunits (Fig. 5.3, Shinohara et al., 

2008). In contrast, the right CA3 Schaffer collateral axons bilaterally make large GluA1 (or 

GluR1) dense synapses both, onto the ipsilateral (right CA3 on right CA1) as well as the 

contralateral (right CA3 on left CA1) CA1 apical mushroom spines (Fig. 5.3, Shinohara et al., 

2008). Accordingly, in VHC (Ventral hippocampal commissure) transected mice where the 

contralateral synapses are lost, in the left stratum radiatum Schaffer collaterals-CA1 synapses 

are more sensitive to GluN2B specific antagonists than in the right hippocampus (Kawakami et 

Figure 5.3| Differential distribution of 

glutamate receptors in the left and right 

CA3-CA1 synapses.  In the region of apical 

dendrites of both the left (blue) and the right 

(red) CA1 pyramidal cells, small thin GluN2B 

(or NR2B) rich spines receive synaptic input 

mainly from the left CA3 axon terminals (blue) 

whereas large mushroom GluA1 (or GluR1) 

rich spines are synapsed upon by the right CA3 

axon terminals (red). (Adapted from Shinohara et 

al., 2008) 
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al., 2003). Moreover, the synapses of CA3 Schaffer collaterals showed larger synaptic area that 

correlated positively with GluA1 but not GluN2B receptor density (Shinohara et al., 2008). This is 

in general agreement with the spine head enlargement occurring following LTP, caused by 

recruitment of AMPARs into the synapses (Plant et al., 2006). At the functional level, since 

GluN2B is associated with the potential to induce LTP (Tang et al., 1999; Yoshimura et al., 2003) 

several studies probed lateralization of these receptors during CA3-CA1 Schaffer-collateral-

commissural LTP using a combination of optogenetic and electrical stimulation techniques. 

Hemisphere-specific stimulation revealed that activation of only the left CA3, but not the right 

CA3 produced LTP in both the left and the right CA1 (Kohl et al., 2011; Shipton et al., 2014) – an 

effect that is often masked using the traditional methods. In support, at single dendritic spines, 

LTP is indeed easier to induce in small spines (Matsuzaki et al., 2004) as they are enriched in 

GluN2B (Shinohara et al., 2008; Sobczyk et al., 2005) that in the case of hippocampal stratum 

radiatum are synapsed on by the left CA3 projections (Shinohara et al., 2008).  

Hence in the context of Cdkl5 transgenic mice, asymmetric LTP impairments could be an 

outcome of either disruption or an augmentation of the asymmetric distribution of glutamate 

receptor subunits. Whether an abnormal unilateral increase in synaptic GluN2B-NMDARs 

and/or GluA2 lacking AMPARs occurs in either the left or the right CA3-CA1 synapses or 

whether a general increase in GluN2B-NMDARs and/or GluA2 lacking AMPARs impacts the 

left and right CA3-CA1 synaptic responses variably – cannot be said at this point without 

further experiments.  

ii) The GABA developmental switch hypothesis  

Cdkl5 deficiency during development impairs the correct establishment and organization of 

the GABAergic network in the cerebellum (Sivilia et al., 2016) and the cortex (Pizzo et al., 2016). 

Also, conditional deletion of Cdkl5 from forebrain GABAergic neurons not only led to an 

enhanced excitatory transmission and circuit hyperexcitability, but also recapitulated several 

autistic-like phenotypes of CDD (Tang et al., 2019). Thus, in contrast to the defects in excitatory 

transmission as proposed in the first hypothesis, in my second theory I propose defective 

inhibitory transmission as a cause of the observed LTP alterations. Manipulating the activity 

of inhibitory synapses can bi-directionally modulate the efficacy of excitatory transmission. On 

the one hand, pharmacological blockade of inhibitory transmission can alter excitability of 

pyramidal neurons (Dingledine et al., 1986), facilitate LTP (Wigström & Gustafsson, 1983; Matsuyama et 

al., 2008) and/or promote its longer-term maintenance (Fritschy and Panzanelli, 2014; Kudryashova, 

2015) while on the other, increase in network inhibition can negatively modulate LTP 

(Kleschevnikov et al., 2004; Shen et al., 2010). Interestingly, even electrical paradigms like Theta-

burst stimulation (TBS), commonly used to induce LTP at glutamatergic synapses (also used 
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in my experiments), have been reported to prompt a concomitant depression at inhibitory 

synapses (Chevaleyre & Castillo, 2003).  

GABA - the primary inhibitory neurotransmitter in the adult brain, is excitatory during 

development and undergoes a progressive and permanent switch postnatally in its 

electrochemical properties - from its ability to excite or depolarize neurons to inhibiting or 

hyperpolarizing them (Fig. 5.4). Unlike the GluRs, the GABA target receptors (GABAARs) 

predominantly conduct the Cl- anion. The intra- and extracellular concentrations of Cl- 

determine the electrochemical gradient of Cl- and hence the excitatory or inhibitory nature of 

Cl- currents (Fig. 5.4). The shift in EGABA or the membrane potential at which GABA-Cl- currents 

reverse their direction, from depolarizing to hyperpolarizing, occurs due to a decrease in 

intracellular Cl- concentration (Cherubini et al. 1990; Luhmann and Prince 1991; Chen et al. 1996; Owens 

et al. 1996; Ben-Ari, 2002) which is an outcome of increased expression of K+-coupled Cl− 

transporter (KCC2) (Jarolimek et al. 1999, Rivera et al. 1999) (Fig. 5.4). The increase in KCC2 

expression counteracts the function of Na+-K+-2Cl− cotransporter 1 (NKCC1) which is highly 

expressed in immature neurons (Yamada et al., 2004; Alvarez-Leefmans et al., 2001; Dzhala et al., 2005) 

but is concomitantly downregulated (Fig. 5.4). While NKCC1 imports Cl- into the cell, KCC2 

Figure 5.4| The GABA developmental switch transforms the action of GABA from excitatory 

in immature neurons to inhibitory in mature neurons by regulating flux of chloride ions. While the 

immature neurons predominantly express NKCC1, the mature neurons express KCC2. The high 

intracellular concentration of chloride ions in immature neurons is decreased because of 

upregulation of KCC2, thus altering the electrochemical gradient of chloride. As a result, unlike 

immature neurons, GABA action triggers chloride influx in mature neurons to hyperpolarize the 

resting membrane potential. (From Ben-Ari, 2002) 
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extrudes Cl- ions from the cytoplasm and hence increased KCC2 expression in mature 

neurons results in decreased intracellular Cl- concentration - triggering the EGABA shift (Ben-Ari, 

2002) (Fig. 5.4). This GABA developmental shift is a critical component of maturing neuronal 

networks and is necessary for homeostatic plasticity (Meredith et al., 2003).  

Given that in rodents, the switch is generally completed within the first two post-natal weeks 

(Valeeva et al., 2013), if deficiency in Cdkl5 may delay the GABA switch in the hippocampi, then 

inefficient inhibitory transmission may explain the increase in hippocampal LTP in hemizygous 

Cdkl5 males. The leftward asymmetry in particular, could originate from heterogeneous delay 

in the completion of GABA developmental switch in the two hippocampi. While the elevated 

LTP in both left and right hippocampi at 3-4 weeks may arise from delayed switch in both the 

hippocampi, higher LTP only in the left hippocampus at 6-8 weeks may be due to completion 

of the switch in the right hippocampus before the left hippocampus. Subsequently, a gradual 

completion of the switch also in the left hippocampus may lead to a complete disappearance 

of the LTP alterations at 14-16 weeks.  

Except the proposed heterogeneity aspect of the GABA switch, this theory may not be 

completely conjectural or speculative. Several genetic disorders characterized by intellectual 

disability and developmental delay have reported abnormalities in the GABA developmental 

switch. These include the 22q11.2 deletion syndrome (Amin et al., 2017), Down syndrome (Deidda 

et al., 2015b), Fragile-X syndrome (He et al., 2014) and recently even Rett Syndrome, the close 

relative of Cdkl5 disorder (Lozovaya et al., 2019; Hinz et al., 2019). In Rett transgenic mice 

(hemizygous Mecp2-/y males), GABA-depolarizing current in CA3 pyramidal neurons was 

significantly higher at P0 than the WT littermate controls and remained elevated for 2 weeks 

till P15 (Lozovaya et al., 2019). Treatment with NKCC1 antagonist abolished the GABA-

depolarizing currents and triggered the shift towards hyperpolarizing values (Lozovaya et al., 

2019). Moreover, this phenotype was accompanied with a reduced expression of KCC2 in the 

knockouts compared to the WTs at P15 (Lozovaya et al., 2019). Hinz et al., reported reduced 

KCC2/NKCC1 ratios in post-mortem brains of Rett patients further complementing the 

disrupted GABA switch theory in a clinical scenario (Hinz et al., 2019). Collectively from these 

findings and in view of the critical roles of KCC2 and NKCC1 in seizure expression and severity 

(Silayeva et al., 2014; Liu et al., 2020), it is certainly probable that in young Cdkl5 deficient brains the 

GABA developmental switch is disturbed. However, so far there exists no evidence in literature 

suggesting that the GABA switch could be disturbed asymmetrically across two hemispheric 

regions.  
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5.5.3 Dendritic spine phenotype in Cdkl5 deficiency disorder 

The dendritic spine pathology reported for CDD in previous studies is quite controversial. In 

different cortical regions of the hemizygous Cdkl5 mice a decrease in spine numbers was 

observed on the apical branches of pyramidal cells (Ren et al., 2019; Della Sala et al., 2016). Also in 

hippocampal neurons in vitro, Cdkl5 downregulation led to reduction in spine density (Zhu et al., 

2013). Similarly, in Cdkl5 transgenic females Fuchs et al. (Fuchs et al. 2018) observed a gene-

dosage-dependent mild albeit significant loss of spines in CA1 pyramidal neurons. Contrary 

to these reports, an in vitro study found increase in spine protrusions upon knocking down 

Cdkl5 expression in hippocampal neurons (Ricciardi et al., 2012) which was similar to in vivo 

observation in a conditional knockout model where Cdkl5 was specifically absent in the 

hippocampal glutamatergic neurons (Tang et al., 2017). In my study, analysis of Golgi-stained 

hippocampal sections from Cdkl5 deficient males of different ages also revealed a general 

increase in dendritic spine numbers on the apical dendrites of CA1 pyramidal neurons in 

comparison to the WT controls. With regard to age and laterality, while bilateral increase in 

spine density occurred in 6-8 weeks old mice, only the left CA1 neurons showed higher spine 

numbers in 14-16 weeks old Cdkl5 knockouts. This is slightly puzzling, considering there were 

no LTP impairments observable at 14-16 weeks. Likewise, analysis in female heterozygous 

mice showed no difference in spine counts between the knockouts and WT controls even 

when a reduced LTP was observed in the Cdkl5 deficient slices. However, in mature neurons 

establishing a direct correlation between spine numbers and LTP amplitudes could be rather 

complex. Nevertheless, size and morphology of dendritic spines share a strong correlation 

with LTP persistence (Borczyk et al., 2019; Bozdagi et al., 2010) and despite the conflicting data for 

spine numbers in CDD rodent models, what seems to be coherent across studies is the 

aberrant change in spine morphology. Not only in vitro (Ricciardi et al., 2012) but also in vivo (Fuchs 

et al., 2018; Tang et al., 2017) analysis displayed anomalies in spine volume and/or increase in 

filopodia like immature spines. Interestingly, when compared to other intellectual disabilities 

like Rett syndrome and Fragile-X syndrome the abnormal spine anatomies remain consistent 

indicating spine or synapse disruption as a recurrent phenotype likely underlying synaptic 

plasticity and behavioral deficits in such disorders (Philips & Pozzo-miller, 2015).  

5.6   Conclusions & Outlook - III  

The final part of this thesis reports hippocampal asymmetry in the development of the 

pathology in a mouse model for Cdkl5 deficiency disorder (CDD). In female Cdkl5 

heterozygous mice of 10-12 weeks age, impairment in LTP was recorded specifically in the 

left hippocampus. Likewise, Cdkl5 hemizygous males also displayed a leftward asymmetry in 

LTP measurements in an age-dependent manner. The youngest 3-4 weeks animals showed 
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elevated LTP in the left and the right, the young adults at 6-8 weeks displayed higher LTP only 

in the left hippocampus and the oldest 14-16 weeks old males displayed no alterations in either 

the left or the right hippocampus.  

Firstly, to understand the origin of asymmetry it would be important to test the two hypothesis 

I proposed in the previous 5.5.2 section. As a simple approach for the first GluR hypothesis, 

the levels of different subunits of GluRs - GluA2, GluA1, GluN2B could be compared in the left 

and the right hippocampus of mutant animals, both in males and females of different ages to 

the respective littermate controls. Given than the expression of GluN2B containing NMDARs 

and GluA2 lacking AMPARs generally correlate to LTP amplitudes and are also upregulated 

in transgenic Cdkl5 mouse models, an asymmetric change in their expression across the two 

(left vs right) hippocampi could explain the asymmetric LTP alterations observed in my 

experiments. For this, either an immunohistochemistry (IHC) staining protocol followed by 

puncta and/or intensity analysis or protein quantification by means of protein extraction and 

western blot analysis could be performed. In a similar manner, to test the second hypothesis 

regarding the GABA switch, immunostaining with antibodies targeting KCC2 or NKCC1 

individually or a co-staining with both could be done. Variations in the level of either one or a 

ratio between the expression levels of the two transporters would help predict the depolarizing 

or hyperpolarizing action of GABA in the neurons based on the chloride gradient across the 

neuronal membrane. If levels of KCC2 in comparison to NKCC1 are reduced in mature 

neurons it would indicate (like in immature neurons) a higher intracellular chloride 

concentration and hence GABA’s excitatory effect. On the contrary, higher KCC2/NKCC1 ratio 

would suggest an inhibitory effect of GABA on the neurons. Instead of IHC, western blot could 

also be used for the quantification of KCC2 and NKCC1. In principle, data from both the 

techniques- western blot and immunohistochemistry together, could provide a clearer picture 

not only about the protein levels but also about the localization of the proteins being examined. 

To understand the age-dependency of the LTP alterations, it is important to conduct these 

experiments in hippocampal tissues derived from different age-groups of hemizygous Cdkl5 

males and respective WT controls. It would also be extremely interesting to inspect whether 

the heterozygous Cdkl5 females may also express an age-dependency of their LTP 

impairments that may be pronounced at younger ages and disappear at older ages. 

Furthermore, to account for the compensatory effects observed in older 14-16 weeks 

hemizygous males, assessment of the related Cdk5 protein may provide a clue (see section 

5.5.1). If the Cdk5 compensates for the functional loss of Cdkl5 in older hemizygous males as 

I suggest in section 5.5.1, it can be expected that an enhancement in Cdk5 expression and/or 

activity levels would be detectable.  
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Given that, the local field LTP recordings represent overall neuronal activity of a population of 

neurons, it could be intriguing to probe if an asymmetry in neuronal activity is detectable using 

other activity-measuring experimental paradigms. For example, spontaneous calcium 

dynamics that correlate to ongoing neuronal activity could be studied in WT and transgenic 

animals of both genders using acute slice calcium imaging with bolus loading dyes like OGB-

1. In fact, changes in paired-pulse ratios (PPR) of recorded field potentials are often correlated 

to altered calcium dynamics in neurons. In my experiments with hippocampal slices from 6-8 

weeks and 3-4weeks old Cdkl5 hemizygous males, a mild but significant enhancement was 

noted in the PPRs which could correlate to changes in calcium signaling. Moreover, through 

whole cell patch-clamp recordings an insight into single-cell neuronal activity could also be 

gained by studying spontaneous and miniature excitatory and inhibitory post synaptic currents 

in slices from WT and mutant mice. To be able to compare to the basal and potentiated 

synaptic transmissions as recorded for the field potentials, a chemical LTP or cLTP protocol 

could be employed during calcium imaging and patch-clamp measurements. 

Finally, as discussed in section 5.5.3, in addition to the increase of dendritic spine numbers, 

Cdkl5 mouse models have been often reported to display aberrant spine morphologies. 

Hence, it would be interesting to perform detailed analysis on spine length and head diameters 

in Cdkl5 deficient male and female mice. Although the heterozygous Cdkl5 females display 

no change in spine density compared to WT controls, they may present an overall shift in 

spine proportion towards an immature filopodia-like phenotype. Moreover, the spine density 

analysis for the youngest age-group of Cdkl5 hemizygous males at 3-4 weeks, need to be 

completed to understand how spine numbers may vary with age and how they may associate 

with the observed LTP alterations.  
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6. 
 

 

Final perspective 

The proper functioning of the central nervous system (CNS) relies on the correct wiring and 

firing of the primary CNS elements – the neurons, since integration of the underlying neuronal 

function generates the output of the CNS. An impression of neuronal function can be 

effectively gathered by studying the activity and morphology of neurons. In this context, the 

work presented in this thesis provides an understanding into the cellular and molecular 

mechanisms modulating neuronal structure and function. This is of considerable importance 

with regard to CNS pathologies where significant alterations are often observed in– pattern of 

neuronal dendrites, spine numbers and shape, synapses, gene transcription factors, activity 

related proteins, secondary messengers, activity output of single and population of cells etc.. 

Even though symptom presentation is diverse, like dementia in the neurodegenerative 

Alzheimer’s disease (AD) and intellectual disability and seizures in the neurodevelopmental 

disorders like Rett Syndrome (RTT) and Cdkl5 deficiency disorder (CDD), at the cellular and 

molecular level all exhibit malfunction in the homeostatic maintenance of neuronal architecture 

and/or activity. On the one hand, while identification of the effectors or mediators of such 

malfunction, like the p75NTR in AD may offer effective therapeutic targets, on the other, treating 

the malfunction by repurposing an already available, well-tolerated drug like fingolimod may 

offer relevant therapeutic advantages as well as accelerated and cost-effective drug-

development. For lesser studied or relatively novel disorders like CDD, understanding the 

malfunctioning CNS by examining the development and progression of the pathology in animal 

models, can be extremely crucial for understanding the pathological disease presentation in 

humans. While it is not yet known if human CDD patients may exhibit an asymmetricity as 

observed in the CDD mouse model, it may nevertheless help pinpoint the origin of certain 

behavioral impairments or symptoms observed in CDD patients. Overall, such studies may 

contribute towards understanding not only the physiological functioning of the CNS but also 

importantly, in designing effective and focused treatment strategies against CNS pathologies. 
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 Figure 4.2| 
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 Figure 4.3| 
Treatment with the non-phosphorylated Fingolimod (FTY720) modulates neuronal 

architecture. 

 Figure 4.4| c-Fos+ neuronal fraction. 

 Figure 4.5| Fraction of pCREB+ neurons. 
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Calcium activity remains unaltered upon Fingolimod-phosphate (FTY720-P) 

application. 

 Figure 4.8| 
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application. 
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 Figure 4.10| 
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 Figure 4.11| 
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 Figure 4.12| 
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 Figure 4.13| 
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 Figure 4.20| 
Hippocampal LTP is unilaterally altered in slices from heterozygous Cdkl5-/X mice at 

10-12 weeks age. 

 Figure 4.21| CA1 spine density is unaltered in heterozygous Cdkl5-/X hippocampi. 

 Figure 4.22| 
Basal synaptic transmission is altered in hippocampal slices from hemizygous Cdkl5-

/Y males in an age-dependent manner. 

 Figure 4.23| 
Pre-synaptic properties are altered in hippocampal slices from hemizygous Cdkl5-/Y 

males in an age-dependent manner. 

 Figure 4.24| 
Asymmetrical alterations in hippocampal LTP in hemizygous Cdkl5-/Y slices is age-

associated. 

 Figure 4.25| CA1 spine density is higher in hemizygous Cdkl5-/Y hippocampi. 

 Figure 5.1| 
BDNF overexpression in cortical neurons induced outgrowth of short process. ( Image: 

Horch et al., 1999) 

 Figure 5.2| Dendritic spine co-localized with Aβ42 displaying increase in F-actin. 

 Figure 5.3| 
Differential distribution of glutamate receptors in the left and right CA3-CA1 synapses. 

(Adapted from: Shinohara et al., 2008)  

 Figure 5.4| The GABA developmental switch. (Adapted from: Ben-Ari, 2002) 
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8.3   List of abbreviations 

    

 aCSF Artificial cerebrospinal fluid  

 AD Alzheimer’s Disease  

 AMPAR Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor  

 ANOVA Analysis of variance  

 Aβ Amyloid-β  

 BDNF Brain derived neurotrophic factor  

 BBB Blood brain barrier  

 CA1/CA3 Cornu ammonis (hippocampal subfields)  

 CaMKII Ca2+/calmodulin-dependent protein kinase II  

 cc-3 Cleaved caspase-3  

 CDD Cdkl5 deficiency disorder  

 Cdkl5 Cyclin dependent kinase like -5  

 CNS Central nervous system  

 CREB cyclic AMP response element binding protein  

 CTRL Control  

 DG Dentate gyrus  

 DIV Days in vitro  

 DMSO Dimethyl sulfocide  

 EC Entorhinal cortex  

 eGFP Enhanced green fluorescent protein  

 ERK Extracellular signal-regulated kinase  

 F-actin Filamentous-actin  

 fEPSP Field excitatory post synaptic potential  

 FTY720 Fingolimod  

 FTY720-P Fingolimod phosphate  

 GABA γ-aminobutyric acid  

 GBSS Gey’s balanced salt solution  

 G-LISA® GTPase - linked immunosorbent assay  

 GluR Glutamate receptor  

 HBSS Hanks’s balanced salt solution  

 ISI Inter stimulus interval  

 KCC2 K+ - Cl symtransporter  

 KO Knockout  
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 LTP Long term potentiation  

 MAP2 Microtubule associated protein 2  

 Mecp2 Methyl CpG binding protein 2  

 NB-/NB+ Neurobasal- / Neurobasal+ medium  

 NKCC1 Na+ - K+ - Cl- cotransporter  

 nM/ µM NanoMolar/microMolar  

 NMDAR N-methyl-D-aspartate receptor  

 NT Neurotrophin  

 P0/P15 Postnatal day 0/15  

 p75NTR Pan-neurotrophin receptor p75  

 PBS Phosphate buffer saline  

 PPR/PPF Paired pulse ration/ Paired pulse facilitation  

 PSD Post-synaptic density  

 Rho/ROCK small Rho GTPases /Rho-associated protein kinase  

 ROI Region of interest  

 RTT Rett syndrome  

 S1P Sphingosine-1-phosphate  

 S1PR Sphingosine-1-phosphate receptor  

 SynI/II Synapsin I/II  

 TARPs Transmembrane AMPA regulatory protein  

 TBS Theta burst stimulation  

 TrkB tropomyosin-related kinase receptor B  

 TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling  

 WT wildtype  

 


