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G protein-coupled receptors (GPCRs) are widely expressed throughout the human brain and 

are involved in numerous neurotransmission systems. These receptors bind to a large variety of 

messenger molecules and mediate the action of these messengers, which are key modulators of 

multiple brain functions. Proper brain function requires maintenance of a delicate balance: in 

disease, the expression profiles of GPCRs or their ligands may be altered and also changes in 

protein-protein interaction patterns may result in (or contribute to) disease. Consequently, many 

pharmacological agents targeting GPCRs have been developed for the treatment of central 

nervous system disorders (CNS).  

This thesis focuses on the determination of altered GPCR expression profiles and GPCR-GPCR 

interactions in temporal lobe epilepsy (TLE) and Parkinson’s disease (PD), respectively. 

Correct expression profiling requires a thorough optimization to infer the correct information 

from gene expression profiles in disease models. As a consequence, this thesis also focused on 

gene normalization strategies upfront, performed with animal models of TLE and Alzheimer’s 

disease (AD). 

Chapter 2 provides background information about the topics discussed in subsequent Chapters. 

This General Introduction focuses on the GPCRs, neurotransmission, CNS disorders and 

animal models which are relevant for this thesis.  

Nowadays, the RT-qPCR technique is the ‘gold standard’ to determine differences in mRNA 

expression levels in biological materials between experimental conditions. Relative 

normalization with one or multiple endogenously expressed genes, also called reference genes, 

is the most popular strategy to unravel expression profiles for the genes of interest. However, 

traditional reference genes are not always stably expressed under all conditions. We therefore 

performed a reference gene study, as described in Chapter 3, which was applied to the systemic 

kainic-acid induced status epilepticus rat model of TLE. This was the first study to validate 

Short Interspersed Nuclear Elements (SINEs) as an alternative normalization strategy in 

rodents. Following up on this, the study reported in Chapter 4 verified the general applicability 

of using SINEs as normalization approach in the APP23 transgenic mouse model of AD. 

In Chapter 5 we determined the hippocampal expression profiles of mGlu5 receptor, Homer1a 

and Homer1b/c at mRNA and protein levels in the systemic kainic-acid induced status 

epilepticus rat model of TLE during the latent and exponential growth phase of epileptogenesis. 

In this Chapter, we applied the optimal reference genes, obtained from Chapter 3, for the RT-

qPCR analysis. In addition, this study implied validation of this model of TLE via 

electroencephalographic recordings and characterization of neuropathological alterations. 
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In Chapter 6 we focus on a novel interaction between the dopamine D2 receptor (D2R) and 

muscarinic acetylcholine M1 receptor (M1R), which is most probably located in the striatum. 

The functional interplay between these receptors was further demonstrated by modulating them 

via administration of specific ligands in reserpine-treated mice, a model of PD, to detect 

alterations in motor disturbances.  

Finally, Chapter 7 and 8 provide the future perspectives and subsequently the final conclusions 

of the above-mentioned studies. A comprehensive overview of the Chapters as discussed in this 

thesis is given in Table 1.1.  

 

Chapter 1 Outline and objectives 

Chapter 2 General introduction 

Chapter 3 The validation of Short Interspersed Nuclear Elements (SINEs) as a RT-qPCR 

normalization strategy in a rodent model for temporal lobe epilepsy 

Chapter 4 Evaluating the applicability of mouse SINEs as an alternative normalization 

approach for RT-qPCR in brain tissue of the APP23 model for Alzheimer’s 

disease		

Chapter 5 Kainic acid-induced status epilepticus decreases mGlu5 receptor and phase-

specifically downregulates Homer1b/c expression 

Chapter 6 Striatal dopamine D2-muscarinic acetylcholine M1 receptor-receptor 

interaction in a model for Parkinson’s disease  

Chapter 7 Broader international context, relevance and future perspectives 

Chapter 8  Conclusion and summary 

Table 1.1 – Overview of the outline of this thesis.  
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2.1 G protein-coupled receptors 

The G protein-coupled receptors (GPCRs), also known as seven transmembrane (7TM) 

receptors, are the largest and most diverse class of cell surface receptors, encoded by about 4% 

of the human protein-coding genome [1, 2]. More than 800 GPCRs have been identified, which 

are expressed throughout the human body and have distinct features in a plethora of 

physiological processes, including cell-cell communication, hormonal signaling, sensory 

transduction and neuronal transmission. Many ligands are able to activate these receptors, 

including ions, photons, odorant molecules, peptides, amino acids, nucleotides, small molecules 

and lipids [2]. In the previous years, GPCRs have become a hot topic in scientific research and 

an important target in the development of pharmaceuticals. In 2012, the Nobel Prize in 

Chemistry was awarded jointly to Brian Kobilka and Robert Lefkowitz, for the achievements 

made in their “studies of G protein-coupled receptors” [3]. Impressively, about 34% of all 

approved drugs by the Food and Drug Administration (FDA) act at 108 unique GPCRs, 

covering a global market share of ~27% [4, 5]. Moreover, more than 90% of the 370 non-

sensory identified GPCRs are expressed in the central nervous system (CNS) and are involved 

in the modulation of key features in pain, vision, appetite, cognition, synaptic transmission, 

mood and immune regulation. Hence, GPCRs represent important targets in CNS disorders [6].  

GPCRs are categorized based on their phylogenetic characteristics by the classification system 

“GRAFS”, which refers to Glutamate-, Rhodopsin-, Adhesion-, Frizzled/taste2- and Secretin 

receptors, or, alternatively, by the A-F clan system [1, 7-9]. The 7TM receptors share a common 

macrostructure containing an N-terminal extracellular domain (NTED), an intracellular C-

terminal domain (CTD) and seven hydrophobic transmembrane α-helices (TM1-TM7), 

spanning the plasma membrane in a counter-clockwise manner, which are connected by three 

extracellular loops (ECL1-ECL3) and three intracellular loops (ICL1-ICL3) [10, 11]. Two 

cysteines are often present in the ECL1 and ECL2, forming a disulfide bond to stabilize the 

structure and limit the number of conformations. The intracellular regions are more conserved, 

whereas the extracellular structures have a higher diversity among GPCRs. However, the 

varying lengths and angles of specific domains provide each 7TM receptor with unique 

properties [12].  

Rhodopsin receptors (class A) are the most studied and largest subfamily, with 701 GPCRs. 

The majority of this subfamily are olfactory receptors and 241 are non-olfactory GPCRs. These 

GPCRs contain a highly conserved orthosteric binding site in their TM1-TM7 α-helical bundle, 
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which is located in the membrane [1]. The N-terminal domains of the 15 Secretin family 

members (class B) have a length of 60-80 amino acids, contain multiple disulfide bonds and 

bind to peptides (>30 amino acids) [13]. The Glutamate receptor family (class C) consists of 

15 members and includes the taste receptors, metabotropic glutamate (mGlu) receptors, Ca2+-

sensitive GPCRs and γ-aminobutyric acid (GABA) subtype B (GABAB) receptor. These 7TM 

receptors are twice as large as other GPCRs due to an extremely large, bi-lobed NTED 

containing the so-called venus flytrap domain (VFD) [14]. Subsequent subfamilies are the 

Adhesion receptors, which contain one or more domains with adhesion-like motifs at their N-

terminus, and the Frizzled/taste2 receptors, mediating cellular events as metazoan development 

and taste. The 24 members of these two subfamilies were not included in the A-F clan system 

[1, 15]. There are also 23 protein-coding GPCRs sequences that could not be categorized by 

the “GRAFS” classification system; these are known as “other 7TM receptors” [1]. 

2.1.1 Intracellular signaling 

Upon receptor activation, the signal is amplified via intracellular transducers, such as the 

heterotrimeric G protein (composed of α-, β-, and γ-subunits). First, the agonist binds at the 

core domain of the 7TM region, switching the receptor from an inactive to an active 

conformational state. In general, this affects the conformation of ECL1-2 and ECL1-3, which 

rotate the TM6 outwards to separate it from the TM3, unmasking the binding site for the C-

terminal α-helix of the G protein [11, 16]. The G protein’s active state provides the catalysis 

and exchange of a guanidine diphosphate (GDP) for a guanidine triphosphate (GTP) on the α-

subunit of the G proteins. Ultimately, this provokes the dissociation of the Gα subunit from the 

Gβγ-complex, with both the Gα subunit and the Gβγ-complex activating downstream effectors 

[17]. The hydrolysis of GTP to GDP leads to a re-association of the subunits [18].  

The signaling cascade begins with the interaction of the Gα or Gβγ subunits with their 

corresponding effectors, as summarized in Table 2.1. Briefly, the G proteins are divided into 

Gαs, Gαi/o, Gαq/11 and Gα12/13, based on primary sequence similarities [13]. GPCRs coupled to 

the Gαq/11 protein activate phospholipase Cβ (PLCβ), resulting in the formation of 

diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3). Subsequently, IP3 binds to the 

endoplasmic IP3-gated Ca2+ channel, which leads to an increase in cytoplasmic Ca2+ 

concentrations, whereas DAG is associated with protein kinase C (PKC) recruitment. Coupling 

of Gαs and Gαi/o subunits with a GPCR activates or inhibits adenylyl cyclase (AC), respectively. 

This enzyme converts adenosine triphosphate (ATP) to 3’,5’-cyclic adenosine monophosphate 
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(cAMP), a second messenger activating protein kinase A (PKA) and other downstream 

effectors. The fourth class, Gα12/13, couples with GPCRs to activate the Rho-guanine nucleotide 

exchange factor (RhoGEF), which in turn activates the small G protein RhoA. In addition, the 

dissociating Gβγ subunits may recruit kinases or modulate ion channels, such as the G protein-

coupled inwardly-rectifying potassium (GIRK) channels to provoke hyperpolarization of the 

plasma membrane [2].  

Family Subtypes Effector molecules 
Gαs Gαs 

 
Activates  AC, Maxi K channel, Src tyrosine kinase and GTPase of 
tubulin 

 Gαolf Activate  AC 
Gαi/o Gαi, Gαo, Gαz 

 
 

Inhibits  AC and Ca2+ channels;  
Activates  K+ channels, MAPK, GTPase of tubulin, Src tyrosine kinase, 
Rap1GAP and GRIN1-mediated activation of Cdc42 

 Gαt Activate  cGMP-PDE 
 Gαgust ? 
Gαq Gαq, Gα11, Gα14, 

Gα15, Gα16 
Activates  PLCβ isoforms, p63-RhoGEF, Bruton’s tyrosine kinase and 
K+ channels 

Gα12/13 Gα12, Gα13 

 
 

Activates  PLD and PLCε isoforms, p115-RhoGEF, PDZ-RhoGEF, 
NHE-1, iNOS, LARG, PP5, Radixin, AKAP110-mediated activation of 
PKA and HSP90 

Gβγ Gβ1-5γ1-12  
 
 

Inhibits  AC I and Ca2+ (N-, P/Q-, R-type) channels; 
Activates  PLCβ isoforms, AC II, IV and VII, PI3K, K+ channels, 
P-Rex1, JNK, Src kinases, GTPase of tubulin, PKD, Bruton’s tyrosine 
kinase and p114-RhoGEF 

Table 2.1 – Summary of mammalian heterotrimeric G protein subunits and functions of each family. 

Abbreviations: AC = Adenylyl cyclase, GTPase = Guanosine triphosphatase, MAPK = Mitogen-activated protein 

kinase, Rap1GAP = Rap1 GTPase activating protein, cGMP-PDE = Cyclic 3′,5′-guanosine monophosphate 

phosphodiesterase, PLCβ/D/Cε = Phospholipase Cβ/D/Cε, RhoGEF = Rho guanine nucleotide exchange factor, 

NHE-1 = Sodium/hydrogen exchanger 1, iNOS = Inducible nitric oxide synthases, LARG = Leukaemia-associated 

RhoGEF, PP5 = Protein phosphatase 5, HSP90 = Heat shock protein 90, PKA/D = Protein kinase A/D, PI3K = 

Phosphatidylinositol-3 kinase, P-Rex1 = Phosphatidylinositol-3,4,5-trisphosphate dependent Rac exchange factor 

1, JNK = c-Jun N-terminal kinase. Adapted from Milligan et al., 2006 [19]. 

Continuous GPCR stimulation leads to desensitization, internalization and termination of the G 

protein signaling cascade. The recruitment of β-arrestin molecules is typically initiated via the 

phosphorylation of intracellular Thr/Ser residues of the receptor by GPCR kinases (GRKs) [20]. 

This multi-molecular complex triggers G protein signaling cessation and induces receptor 

endocytosis, thus desensitization. Then, the GPCR is either translocated back to the plasma 

membrane or degraded in the lysosome. In addition, β-arrestins function as scaffold adaptors 

in G protein-independent signaling pathways for receptor and non-receptor tyrosine kinases, 

mitogen-activated protein kinases (MAPK), phosphatidylinositol-3 kinases (PI3K) and others 

[21, 22]. 
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2.1.2 GPCR oligomers 

GPCRs were initially believed to reside in cell membranes as functional monomeric entities. 

However, strong evidence indicates that these receptors form homo- and heterodimers or even 

higher-order oligomers within or with members outside the GPCR subfamily [23]. This may 

potentially explain functions for GPCRs for which no ligands have been determined, i.e. orphan 

receptors [24]. Interestingly, GPCR oligomers have been shown to modulate pharmacological 

responses and functions, due to direct protein-protein interactions, indirect effects of 

downstream effectors or feedback control mechanisms [25]. GPCR-GPCR interactions should 

be considered as new entities with specific biochemical, pharmacological and functional 

properties, defined as the ‘dimer fingerprint’, for which there may be a unique potential in the 

development of novel therapeutic strategies [26]. 

These interactions are best illustrated by the GPCRs of class C, which have been shown to 

function as obligate homo- or heterodimers [27]. For instance, the GABABR dimer is dependent 

on a physical interaction between the GABAB1R and GABAB2R for its proper function and its 

transport to the cell surface [28]. The GABAB1R as a monomeric entity is retained in the 

endoplasmic reticulum (ER) due to the coat protein I complex, which prevents its export 

through binding to the Arg-x-Arg retention motif at the C-terminus. This motif is masked upon 

dimerization with the GABAB2R via a coiled-coil (CC) interaction of their C-terminal tail, 

resulting in transport of the heterodimer to the cell surface. Heterodimer formation was also 

shown to be crucial for its signaling properties, as ligands only bind to the NTED of the 

GABAB1R, whereas the GABAB2R exclusively activates G proteins [29]. A similar scenario 

was reported for the taste 1 receptors (T1R): cells expressing the T1R1, T1R2 or T1R3 as 

monomeric entities were insensitive to taste stimuli. Moreover, T1R3 knock-out (KO) mice had 

reductions in tasting umami and sweet, whereas T1R1 or T1R2 KO mice had affected umami or 

sweet sensations, respectively [30, 31]. It was concluded that the T1R3 acts as an obligate 

partner in the T1R1-T1R3 and T1R2-T1R3 oligomers, which are needed for the sensation of 

umami and sweet, as stated by the IUPHAR [32]. The other class C receptors, mGlu receptors 

and Ca2+-sensing receptors, form homodimers, in which the NTED of the receptors are linked 

by disulfide bonds [33, 34].  

In contrast, the NTED of class A receptors is too short to be relevant in dimer formations. Most 

of these receptors are fully capable to function as independent monomers. Nevertheless, a 

plethora of studies has provided evidence of class A receptor homo-, hetero- and oligomer 

formation [35]. More than 80% of the GPCR superfamily comprises class A receptors, which 
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are the targets of most GPCR therapeutic agents. The phenomenon of homo- and heterodimer 

formation may have an impact on the affinity of many currently available drugs due to allosteric 

mechanisms [25]. An example is the opioid receptor (OR), for which distinct pharmacological 

and functional properties have been observed upon dimer formation, when compared to its 

monomers [36-38]. This is exemplified by the κOR-δOR heterodimer, which was specifically 

targeted by 6’-guanidinonaltrindole in a preclinical model. Herein, this compound induced 

analgesia only when it was administered to the spinal cord but not in the brain, suggesting that 

the organization of heterodimers is tissue-specific [39].  

Heterodimer formation may have a significant importance in the CNS. As there is a relatively 

limited number of neurotransmitters in the brain, it can be hypothesized that (at least part of) 

the diversity of their effects might be achieved due to GPCR-GPCR interactions. In fact, a 

highly GPCR-subtype selective drug will not be devoid of unwanted adverse effects. For 

instance, the administration of a dopamine D2 receptor (D2R) antagonist, to treat positive 

symptoms in mental disorders (e.g. schizophrenia) may lead to hyperprolactinemia due to the 

blockade of the D2R in the pituitary glands (see 2.2.3.2). Several studies have observed 

alterations in heterodimer formation in CNS disorders, including depression, Parkinson’s 

disease (PD) and schizophrenia [40-43]. For instance, postmortem striatal tissue of patients 

with major depression showed an increase in dopamine D1 receptor (D1R)-D2R heterodimers 

levels compared to the controls [42]. Moreover, the individual receptor characteristics changed 

upon dimer formation, with induction of Ca2+ release via Gαq proteins, whereas in monomeric 

states the D1R is associated with stimulation and the D2R with the inhibition of AC [44]. 

Interestingly, the antipsychotic drug clozapine uncouples the heterodimer in a dose- and time-

dependent manner and antagonizes the effect of concomitant stimulation with dopamine (DA), 

which was previously shown to enhance the formation of heterodimers and stimulate Ca2+ 

signaling [45]. Noteworthy, other studies could not detect this heterodimer or the coupling of 

Gαq proteins with the D1R-D2R complex [46, 47]. Although a recent study reconfirmed this 

heterodimer in the macaque brain, the existence and relevance of the interaction between D1R 

and D2R is still under debate [48].  
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2.2 Neurotransmission 

Accurate temporal and spatial patterns of cellular activities are crucial for the correct 

functioning of the CNS. Therein, neurotransmitters play a key role to coordinate the fast 

processing, sorting and integration of information with a high reproducibility and precision in 

the brain, at a scale of milliseconds. Neurotransmitters in the CNS such as glutamate, 

acetylcholine (ACh) and DA, control multiple vital brain functions, including food intake, 

reward, locomotor activity, memory, synaptic plasticity and learning [49, 50]. Below, we 

elaborate on some key aspects of each of these neurotransmitter systems. 

2.2.1 Glutamate 

Glutamate serves as the primary neurotransmitter at the majority of excitatory synapses in the 

CNS. It is responsible for a plethora of physiological processes, including sensory processing 

and cognitive functions. Its levels should be tightly controlled, as elevated concentrations of 

extracellular glutamate might result in excitotoxicity and neuronal injury or death [34, 50, 51].  

Glutamatergic neurons load the newly synthesized neurotransmitter into synaptic vesicles via 

the vesicular glutamate transporters (VGLUTs). In general, these vesicles are pooled in close 

proximity of the active zone and docked to the plasma membrane. The synaptic vesicles are 

primed, a process that converts them into putative secretory vesicles [52]. An action potential 

propagated to the presynaptic terminal triggers a Ca2+ influx, resulting in the release of 

glutamate and the activation of glutamate receptors at synaptic membranes. Glutamate is 

removed from the synaptic cleft by excitatory amino acid transporters (EAATs) to prevent 

excitotoxicity caused by an excess of glutamate receptor activation, which has been associated 

with stroke, hypoxic injury and epilepsy. Once transported into glia, the glutamate is converted 

by glutamine synthetase into glutamine [53]. Finally, the glutamine is transported via the Na+-

coupled neutral amino acid transporters (SNATs) from astrocytes to neurons. In the presynaptic 

terminal, glutamine is metabolized via the action of mitochondrial phosphate-dependent 

glutaminase into glutamate [53]. In short, this process is known as the glutamate-glutamine 

cycle, a cooperation between glial cells and nerve terminals to maintain a sufficient amount of 

the neurotransmitter (Figure 2.1). Glutamate does not cross the blood brain barrier (BBB) and 

this nonessential amino acid could be synthesized from branched-chain amino acids (Leu, Ile, 

Val), which rapidly cross the BBB [53]. An alternative source is from the glucose metabolism, 

where glutamate is synthesized from 2-oxo-glutarate, an intermediate of the tricarboxylic acid 

(TCA) cycle, by transamination [54, 55]. 
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Figure 2.1 – Glutamate-glutamine cycle. The interplay between glial and neuronal cells to prevent excitotoxicity. 

First, the neurotransmitter is released into the synaptic cleft via the activation of the presynaptic terminal. The 

uptake of glutamate into the neurons and glial cells via excitatory amino acid transporters (EAATs) terminates the 

signaling. In the glial cells the glutamate is converted into glutamine by the glutamine synthetase and exported to 

neurons. The glutamine is converted into glutamate via glutaminase and loaded into vesicles via vesicular 

glutamate transporters (VGLUTs). Adapted from Purves et al., 2004 and Hayashi et al., 2018 [54, 55]. 

2.2.1.1 Metabotropic glutamate receptors  

The glutamate receptors consist of ionotropic glutamate (Glu) receptors and mGlu receptors, 

both expressed in neuronal and glial cells. The ionotropic Glu receptors are cationic ligand-

gated channels which mediate rapid excitatory synaptic neurotransmission and are divided in 

three families: the N-methyl-D-aspartate receptor (NMDAR), α-amino-3-hydroxy-5-methyl-4-

isoxazole propionic acid receptor (AMPAR) and kainic acid receptor (KAR). The mGlu 

receptors belong to the class C of the GPCRs superfamily, where glutamate activates 

downstream effectors via heterotrimeric G proteins (see 2.1). The mGlu receptors comprise 

eight receptor subtypes (mGlu1-mGlu8), with some receptors having multiple splice variants. 

These 7TM receptors are expressed in virtually every major brain region and are classified into 

three groups based on sequence homology, ligand selectivity and cell signaling properties 

(Table 2.2). Group I subtypes (mGlu1 and mGlu5) receptors mainly couple to Gαq subunits and 

are predominantly localized at postsynaptic membranes surrounding the ionotropic Glu 

receptors, where they function to modulate neuronal excitability. In contrast, group II (mGlu2 

and mGlu3) and group III (mGlu4, mGlu6, mGlu7 and mGlu8) receptors are mainly located at 

presynaptic membranes and predominantly bind to Gαi/o subunits, acting as autoreceptors by 

inhibiting glutamate or GABA release (Table 2.2) [34, 50, 51]. 
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Category 
GPCR 

Variants CNS expression Localization 
G protein  

(main signaling) 

I 

mGlu1 
a, b, c, d, e, f 
Taste mGlu1 

Widespread in neurons 
 

Taste buds Predominantly 
postsynaptic 

Gαq (  IP3,  intracellular 
Ca2+,  DAG, PKC 

activation)  mGlu5 
a, b 

Widespread in neurons, 
astrocytes 

II 
mGlu2 Widespread in neurons Presynaptic and 

postsynaptic 

Gαi/o (  cAMP, inhibition of 
Ca2+ channels, activation of 

K+ channels and MAPK) mGlu3 Neurons and astrocytes 

III 

mGlu4 
 

Taste mGlu4 

Widespread in neurons 
(high in cerebellum) 

Taste buds 

Predominantly 
presynaptic 

Gαi/o (  cAMP, inhibition of 
Ca2+ channels, activation of 

K+ channels and MAPK 
pathway) 

mGlu7 
a, b, c, d, e Widespread in neurons 

Active zone of 
presynaptic 
terminals 

mGlu8 
a, b, c 

Lower and more 
restricted expression than 

mGlu4 and mGlu7 

Predominantly 
presynaptic 

mGlu6 
a, b, c  Retina 

Postsynaptic in 
ON-bipolar 
retinal cells 

Gαo (  cGMP, inhibition of 
TRPM1 Ca2+ channel) 

Table 2.2 – Key features of the mGlu1-8 receptors in the central nervous system. Abbreviations: IP3 = Inositol 

1,4,5-trisphosphate, DAG = Diacylglycerol, PKC = Protein kinase C, cAMP = 3’,5’-cyclic adenosine 

monophosphate, MAPK = Mitogen-activated protein kinase, cGMP = Cyclic 3′,5′-guanosine monophosphate 

phosphodiesterase, TRPM1 = Transient receptor potential cation channel subfamily M member 1. Adapted from 

Niswender et al., 2017 and Nicoletti et al., 2011 [51, 56]. 

All mGlu receptors form constitutive dimers, cross-linked by a disulfide bridge, and have 

similar architectures. The N-terminus of each protomer contains a VFD, which forms a cleft 

that functions as the orthosteric binding site for glutamate. Large conformational changes occur 

when an agonist binds to one or both the VFDs, while also the binding of cations (e.g. Mg2+ 

and Ca2+) to the domain could potentiate or even activate the receptor. The conformational 

changes upon ligand activation are propagated from the VFD through the cysteine-rich domain 

(CRD), which forms a disulfide bridge with the VFD and is involved in the intracellular 

signaling. The CTD of mGlu receptors is an important region for intracellular signaling, with 

multiple alternative splice variants and phosphorylation sites. In addition to their G protein 

coupling, these 7TM receptors directly interact with multiple proteins at their CTD, which also 

may play important roles in the regulation of mGlu receptors. The best characterized physical 

interaction is between group I mGlu receptors and the Homer family of adaptor proteins (see 

2.2.1.2), which may be interesting targets for antidepressants and/or anti-epileptic drugs 

(AEDs) [50, 51, 57-59]. 
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2.2.1.2 Homer family of adaptor proteins  

The Homer protein family is predominantly expressed in the CNS (e.g. hippocampus) and 

consists of three members in mammals, Homer1, Homer2 and Homer3, all three having several 

isoforms due to alternative splicing [60]. Every Homer isoform contains a highly similar 

Enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) homology 1 (EVH1) domain at 

its N-terminus, which interacts with proline-rich sequences (Pro-Pro-x-x-Phe) present in the 

CTD of the group I mGlu receptors (i.e. mGlu1a, mGlu5a and mGlu5b), the long isoform of the 

PI3 kinase enhancer (PIKE-L), IP3R, Ca2+ channels, ryanodine receptor 1 (RyR1), transient 

receptor potential cation (TRPC) channels and NMDAR components [61-66]. The 

constitutively expressed long Homer isoforms (i.e. Homer1b/c, Homer2 and Homer3) have a 

C-terminal CC domain with two leucine zipper motifs (ZipA and ZipB). This CC domain 

mediates homo- or heterophilic interactions between long Homer isoforms, allowing these to 

act as a scaffolding complex. This property facilitates clustering of postsynaptic density (PSD) 

and postsynaptic membrane proteins, thus modulating signal transduction or cross-talk between 

target proteins, predominantly at glutamatergic synapses (Figure 2.2). For instance, Homer 

proteins act synergistically with Shank, a scaffold protein for the NMDAR/PSD-95 complex 

via guanylate kinase associated protein (GKAP), and functional linking mGlu1a/5 and IP3 in the 

PSD, with consequences on both local Ca2+ homeostasis and neuronal signaling [51, 67-69]. 

 

Figure 2.2 – Homer and mGlu5 receptor interaction at the postsynaptic membrane. Long Homer protein 

isoforms, which form multimers through their coiled-coil domain, physically connect via their proline-rich 

sequence (Pro-Pro-x-x-Phe) to mGlu1/5 receptors, IP3R or Shank proteins. Source: Piers et al., 2012 [70].  
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In contrast, the short Homers (Homer1a and Ania3) lack the CC domain and do not interact 

with other Homers [68]. Instead, they interfere with the scaffolding capability of the long 

Homer isoforms (e.g. Homer1b/c). They competitively bind to their target proteins and are 

transcriptionally induced upon neuronal stimulation, as immediate-early genes (IEGs). Thus, 

the short Homers function as activity-dependent dominant-negative forms that regulate the 

signaling and scaffolding properties of the long Homers [71]. More specifically, Homer1b 

induces intracellular retention of the mGlu5 receptor in the ER, decreases its lateral mobility in 

the plasma membrane and increases cell-surface clustering of the receptor, whereas the short 

Homer1a isoform has the opposite actions [68, 72, 73]. Upregulation of short isoforms was 

reported through the induction of synaptic activities, such as seizures, sleep deprivation and 

dopaminergic stimulation [74-79]. Moreover, Homer1a expression is induced upon increased 

network activity due to NMDAR and KAR activation, and was reported to displace the long 

Homer isoforms from the group I mGlu receptors and disrupt the PSD complex. For instance, 

upregulated Homer1a results in constitutively active mGlu1a/5 receptors in the absence of 

glutamate, which increases the rate of AMPAR endocytosis via the Tyr phosphorylation of a 

subunit, thus downregulating its synaptic activity [80, 81].  

Homer1a expression levels are relatively low under normal conditions, whereas long Homer 

isoforms are constitutively expressed (e.g. in hippocampal cells). Nevertheless, Homer1a 

expression could be quickly enhanced by external stimuli due to alternative splicing [68]. In 

contrast, most IEGs, such as brain-derived neurotrophic factor (BDNF), use different promotors 

to switch from constitutive to activity-dependent expression [82]. The Homer1 gene contains 

promotor-distal and promotor-proximal poly(A) sites at the end of the exons corresponding to 

respectively Homer1b/c and Homer1a [83]. The expression of Homer1a is the result of 

switching the transcriptional termination from the promotor-distal to the promotor-proximal 

poly(A) site within intron 5, which allow the Homer1a to directly function at the synapse [84]. 

However, upstream signaling pathways that induce or regulate Homer1a expression are not 

well-understood. Serchov et al., 2015 suggested that Homer1a may be upregulated through the 

activation of A1R, which may result in ERK1/2 stimulation via PLC activation, or via increased 

BDNF expression levels and activation of the BDNF-Ras-ERK pathway [57].  
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2.2.1.3 Glutamatergic pathways  

Glutamatergic projections innervate throughout much of the telencephalon and are involved in 

many cognitive processes, including perception, memory, awareness, consciousness and 

language. Thus, effective glutamatergic neurotransmission is fundamental for normal cognitive 

function and mental activity and its aberrant functioning is related to mood disorders and 

schizophrenia [85, 86]. In general, there are six major glutamatergic pathways in the brain 

(Figure 2.3).  

A first pathway is the cortico-brainstem pathway (Figure 2.3A), which is an important 

descending pathway projecting from cortical pyramidal neurons in the prefrontal cortex to 

different locations in the brainstem, including the raphe nuclei (5-hydroxytryptamine; 5-HT, 

serotonin), locus coeruleus (noradrenaline; NA), ventral tegmental area (VTA) and substantia 

nigra (SN) (DA). The glutamatergic pathway regulates the release of neurotransmitters. For 

instance, the direct innervation of dopaminergic neurons in the SN by these glutamatergic 

neurons stimulates DA release, whereas glutamatergic projections at GABAergic interneurons 

inhibit the release of DA, thus fine-tuning motor movements.  

The extrapyramidal pathways include descending glutamatergic projections from the prefrontal 

cortex to the nucleus accumbens (NAc), i.e. cortico-accumbens pathway, and to the dorsal 

striatum, i.e. cortico-striatal pathway (Figure 2.3B). The latter coordinates movement and 

constitutes the “cortico-striatal” portion of the cortico-striatal-thalamic loop, where its 

excitability increases during the pathogenesis of PD (see 2.3.3.1). In contrast, the cortico-

accumbens pathway penetrates deep into the brain, which is important to create an appropriate 

perceptual balance versus psychosis. Its dysregulation may be the basis for the onset of positive 

and negative symptoms in schizophrenia. Other glutamate projections between the cortex and 

the basal ganglia terminate in the subthalamic nucleus (STN), holding muscle response in check 

and being involved in action selection, or between the cortex and the globus pallidus (GP), 

which modulates the inhibition of movements.  

A third pathway, known as the hippocampal-accumbens pathway (Figure 2.3C), projects 

neurons from the hippocampus to the NAc. These neuronal projections innervate inhibitory 

GABAergic neurons that in turn project to the GP.  

The thalamo-cortical pathway (Figure 2.3D) ascends from the thalamus to innervate pyramidal 

cortical neurons. The thalamus often processes sensory and motor information to the cortex, 

but regulates alertness and consciousness as well. 



Chapter 2: General introduction 

	
18 

The fifth pathway of glutamatergic projections, known as the cortico-thalamic pathway (Figure 

2.3E), descends neurons directly back from the prefrontal cortex to the thalamus, where it may 

directly react to sensory input from the thalamo-cortical pathway.  

Finally, intra-cortical pyramidal neurons are present within the cortex, in which they directly 

or indirectly communicate with each other. In the direct cortico-cortical pathway (Figure 2.3F), 

pyramidal neurons directly excite one another through the actions of glutamate. Conversely, 

the pyramidal neurons may inhibit another cortical neuron via the activation of GABAergic 

interneurons (indirect cortico-cortical pathway) [86-88].  

  

Figure 2.3 – Glutamatergic pathways in the human brain. The major pathways of the glutamate 

neurotransmission system in the CNS; (A) cortico-brainstem pathway, (B) cortico-striatal pathway, (C) 

hippocampal-accumbens pathway, (D) thalamo-cortical pathway, (E) cortico-thalamic pathway, and (F) cortico-

cortical pathway (direct). Adapted from Whittingham et al., 2017 [89]. 
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2.2.2 Acetylcholine 

In 1936, ACh was demonstrated to be synthesized in the brain and was the first substance 

recognized to act as a neurotransmitter later on [90]. ACh is synthesized from choline and the 

precursor acetyl coenzyme A (acetyl-CoA) by choline acetyltransferase (ChAT), an enzyme 

primarily expressed in cholinergic neurons [91]. Choline is present at high plasma 

concentrations (~10 µM) and enters the nerve terminals via the choline transporter 1 (CHT1), 

whereas acetyl-CoA is derived from glucose [55]. The newly synthesized ACh is taken up into 

synaptic vesicles via the vesicular acetylcholine transporter (VAChT) and is released upon 

depolarization of the cholinergic neuron in the synaptic cleft (Figure 2.4). This neurotransmitter 

has been described to modulate important CNS functions, such as nociception, stress response, 

sleep, sensory processing, cognition and motor control. The postsynaptic actions are mediated 

through the activation of two receptor families, the muscarinic ACh receptors (mAChRs) or 

ionotropic nicotinic ACh receptors (nAChRs) [92]. Finally, the synaptic cleft contains 

acetylcholinesterase (AChE), which hydrolyses ACh to acetate and choline, thus terminating 

the postsynaptic actions of the neurotransmitter. Then, the choline is transported back in the 

presynaptic nerve terminals and synthesized into ACh again [55].  

 

Figure 2.4 – Acetylcholine synthesis in the cholinergic nerve terminals. The synthesis of acetylcholine (ACh) 

from choline and acetyl coenzyme A (acetyl-CoA) requires choline acetyltransferase (ChAT). Acetyl-CoA is 

derived from pyruvate generated by glycolysis, whereas choline is transported into the terminals. ACh is taken up 

into synaptic vesicles by the vesicular ACh transporter. After release, ACh is metabolized by acetylcholinesterase 

to choline and transported back in the presynaptic nerve terminal. Source: Purves et al., 2004 [55]. 
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2.2.2.1 Muscarinic acetylcholine receptors 

In the synaptic cleft, ACh act at neuronal cells expressing mAChRs and/or nAChRs. The latter 

are ligand-gated nonselective cation channels, which consist of a pentamer made by a 

combination of 12 subunits (α2-10 and β2-4). The most abundant subtypes are the heteromeric 

α4β2 and homomeric α7 nAChRs. These channels are predominantly located at presynaptic 

nerve terminals and their activation results in neuronal activity, followed by release of a 

neurotransmitter [93]. The mAChRs belong to the class A members of the GPCR superfamily 

(see 2.1) and represent about 90% of the total cholinergic receptor population. The name of 

these receptors refers to their specific sensitivity to muscarine, a poisonous alkaloid from 

certain mushrooms. Based on molecular cloning and pharmacological studies, the mAChRs are 

divided in five distinct subtypes (M1R-M5R). Upon activation, these GPCRs trigger different 

signaling cascades in neurons that express them (Table 2.3) [92]. Due to their high degree of 

homology in the ACh orthosteric binding site, there have been difficulties to develop selective 

ligands for each subtype [94]. Therefore, the physiological functions of every mAChR subtype 

were primarily elucidated by gene targeting techniques that generated mutant mice [95]. 

2.2.2.1.1 M1-like receptors 

Being expressed at the postsynaptic membrane, the M1-like receptors (M1R, M3R and M5R) are 

coupled to Gαq/11 proteins, which lead to the activation of PLC and Ca2+ influx following 

receptor stimulation (see 2.1.1). In addition to the canonical pathway, M1-like receptors are able 

to regulate phospholipase A2, phospholipase D2 and Ca2+ channels. The M1Rs constitute 50-

60% of the total mAChRs in the brain and have pivotal roles in functions as motor control, 

attention, memory and sleep-wake cycle regulation [94, 96]. The M1R is predominantly 

expressed in the hippocampus and cortex, with the highest densities found in pyramidal neurons 

of the cortical layers III and V/VI. Moreover, substantial expression levels are found in the 

striatum and thalamus [92, 97]. Behavioral studies showed an increase in locomotor activity 

and elevated DA levels in the striatum of M1R KO mice, without major cognitive deficits 

observed in various hippocampus-dependent learning tasks [98, 99]. The M3R is expressed in 

the cortex, striatum and hippocampus, but at lower levels than the M1R [92, 97, 100]. M3R KO 

mice show normal behavior and cognition [98]. The M5R represents less than 2% of the total 

mAChR population and is restricted to the SN, VTA and hippocampus [101]. Despite co-

localization of M5R with the D2R, there was no difference in locomotor activity observed in 

mice lacking the receptor subtype [99]. 
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2.2.2.1.2 M2-like receptors 

The M2-like receptors (M2R and M4R) are coupled to Gαi/o proteins and inhibit AC following 

receptor stimulation (see 2.1.1), but they could activate phospholipase A2 as well. These 

GPCRs are cell type specifically located at the pre- and postsynaptic membranes [97, 102]. 

High expression levels of M2R are present in the occipital cortex and nucleus basalis, whereas 

lower expression levels are found in the striatum, hippocampus and other cortical brain regions. 

In the cortex, this subtype is expressed both pre- and postsynaptically [103]. In the axons of 

symmetric synapses, the M2R maintains a role as autoreceptor and is located at presynaptic 

nerve terminals. M2R KO mice had attenuated anti-nociceptive responses and cognitive deficits 

[98]. High concentrations of M4R are predominantly found in the striatum, where they are 

expressed at the dopaminergic-projecting neurons, as well as at GABAergic medium spiny 

neurons (MSNs), thereby controlling the release of DA and locomotor activity [104]. In fact, 

basal locomotor activity is significantly increased in mice lacking the M4R [99]. In addition, 

these mAChRs are also present in brain regions as the cortex and hippocampus. 

Category GPCR CNS expression Localization 
G protein  

(main signaling) 

M1-like 

M1R 

High levels 
Cortex, hippocampus 

Levels 
Striatum and thalamus 

Postsynaptic 

Gαq (  IP3,  
 intracellular Ca2+, 
 DAG, activation 

of PKC and MAPK 
pathway) 

M3R Low levels 
Cortex, hippocampus and striatum 

M5R Very low levels 
Hippocampus, SN and VTA 

M2-like 

M2R 

High levels 
Nucleus basalis and occipital cortex 

Lower levels 
Hippocampus, striatum, thalamus and 

other cortical regions  Presynaptic  
 

(+ Postsynaptic) 

Gαi/o (  cAMP, 
inhibition of Ca2+ 

channels, activation 
of GIRK channels 

and MAPK 
pathway) M4R 

High levels 
Striatum 

Lower levels 
Cortex, hippocampus, thalamus and 

midbrain 
Table 2.3 – Key features of muscarinic acetylcholine receptors in the central nervous system. Abbreviations: 

SN = Substantia nigra, VTA = Ventral tegmental area, cAMP = 3’,5’-cyclic adenosine monophosphate, MAPK = 

Mitogen-activated protein kinase, IP3 = Inositol 1,4,5-trisphosphate, GIRK channels = G protein-coupled inwardly 

rectifying potassium channels. Adapted from Langmead et al., 2008 and Scarr et al., 2011 [92, 97]. 
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2.2.2.2 Cholinergic pathways 

The cholinergic system is an important modulatory neurotransmission system of the CNS [105]. 

In general, this system can be divided into local cholinergic interneurons (ChIs) and projecting 

cholinergic neurons. Local and intrinsic ChIs are predominantly found in the striatum (Figure 

2.5A), but in the NAc and olfactory tubercle (OT) as well. Although a small percentage of the 

striatal neurons are large aspiny ChIs, they have large dense axonal arbors with large terminal 

fields. These interneurons tonically release ACh into their surroundings without synaptic input. 

In fact, ChIs are continuously activating mAChRs and nAChR, thus modulating striatal output, 

which is involved in voluntary movements. The influence on striatal DA activity depends on 

the neuronal location of the mAChR subtypes (see 2.2.2.1) [106]. Moreover, the striatal ChIs 

receive modulatory glutamatergic input signals mainly from the thalamus (centromedian and 

parafascicular nuclei) and to a lesser extent from the cortex.  

The cholinergic projecting neurons are divided into two major subgroups, the basal forebrain 

cholinergic neurons and mesopontine tegmental complex [107].  

Basal forebrain cholinergic neurons were described via the detection of ChAT signals, which 

were observed in the nucleus basalis, medial septal nuclei (Figure 2.5B), substantia innominate 

and the diagonal band of Broca [107]. These cholinergic neurons project to the entire cerebral 

cortex, hippocampus and amygdala. Hypoactivity of these cholinergic projections to 

hippocampal and/or cortical areas has been associated with a loss of memory (see 2.3.2.2) and 

experiences of hallucinations [105].  

The mesopontine tegmental complex arises from the hindbrain, which comprises neurons of 

the pedunculopontine nucleus (PPN) and the laterodorsal nucleus (LDN). The PPN is a diffuse 

group of ACh-containing neurons and non-cholinergic neurons and covers the surrounding 

neurons of the superior cerebellar peduncle and stretches from the dorsal pons to the ventral 

midbrain. Most cholinergic neurons of the PPN innervate the thalamus (Figure 2.5C) that in 

turn projects to the striatum, which gives rise to the thalamo-striatal glutamatergic pathway (see 

2.2.1.2). Furthermore, the release of ACh from the cholinergic neurons of the PPN is believed 

to trigger rapid eye movement (REM) sleep or dreaming sleep. The loss of cholinergic PPN 

may likely contribute to the reduction in REM sleep latencies and durations, which have been 

reported to precede clinical symptoms as observed in PD [105]. Subsequently, the PPN also 

projects to structures of the basal ganglia, such as the SNpc and STN, suggesting a role in 

sensorimotor-related activities. For instance, the release of DA could be evoked via a direct and 

an indirect circuit of PPN activity. In the direct pathway, stimulation of the PPN projecting to 
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the SNpc induces striatal DA release, whereas prolonged DA increase was blocked via the 

infusion of mAChR antagonists in the SNpc [108]. However, the indirect pathway of the PPN 

activates excitatory glutamatergic STNs, which in turn innervate SNpc, resulting in the release 

of striatal DA [109, 110]. In contrast, striatal DA release is elevated or blocked by intra-PPN 

injection of scopolamine (mAChR antagonist) or carbachol (mAChR agonist), respectively 

[106, 111]. The latter is most likely regulated via the presynaptically located M2-like receptors 

at the PPN, where their activation results in a reduced excitability of SN, thus lowering 

extracellular DA levels in the striatum [106].  

The LDN is a smaller cluster, where 70% of the neurons are cholinergic and are located in the 

floor of the fourth ventricle, medial to the most caudally PPNs. The PPNs and LDNs are in 

close proximity and are both the main cholinergic projections to the dopaminergic neurons of 

the midbrain. The PPN and LDN are considered as distinct nuclei due to their different efferent 

and afferent innervations. The LDN are the principal source of cholinergic excitatory input of 

the VTA by the activation of mAChRs and nAChR and facilitating DA release in their targeted 

structures, such as the NAc [106].  

 

Figure 2.5 – Cholinergic pathways in the human brain. (A) Cholinergic interneurons located in the striatum. 

The major two cholinergic neuronal projections in the brain; (B) basal forebrain projections, where the neurons of 

the nucleus basalis and medial septal nuclei innervates the cerebral cortex, amygdala and hippocampus and (C) 

mesopontine nucleus projections to the thalamus. Adapted from Whittingham et al., 2017 [89]. 
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2.2.3 Dopamine 

DA was synthesized for the first time by George Barger and James Ewens at the Wellcome 

Laboratories in 1910. At about the same time, Henry Dale defined the biological activity of DA 

as a weak sympathomimetic [112]. Many years later, he suggested the name DA for 3,4-

dihydroxyphenylethylamine, or shorter 3-hydroxytyramine, instead. Remarkably, DA was 

considered as an intermediate in the biosynthesis of adrenaline and NA until the mid-1950s. 

The perception about DA changed after it was shown to have vasodepressive effects and high 

concentrations were identified in the striatum [113, 114]. In subsequent years, important 

findings in DA research followed and yielded great scientific rewards and clinical benefits [115, 

116].  

The catecholamine DA acts as a neurotransmitter in both the peripheral nervous system (PNS) 

as well as the CNS. DA is involved in many important brain functions, including reward, 

feeding, affection, sleep, attention, voluntary movement, learning and working memory [117]. 

The neurotransmitter is predominantly synthesized in DA-producing neurons, because it is 

unable to cross the BBB. The biosynthesis of DA starts by L-tyrosine, a non-essential amino 

acid, which may be obtained by the conversion of L-phenylalanine (Figure 2.6), an essential 

amino acid, into L-tyrosine in the liver through the action of phenylalanine hydroxylase (PH) 

[118]. The L-tyrosine is transported from the extracellular fluid (ECF) into dopaminergic 

neurons, producing DA via two enzymatic pathways. In the first pathway, the L-tyrosine is 

converted into L-3,4-dihydroxyphenylalanine (L-DOPA) by cytosolic tyrosine hydroxylase 

(TH), which requires O2, Fe2+ and tetrahydrobiopterin as cofactors. After that rate-limiting step, 

L-DOPA is converted into DA by L-amino acid decarboxylase (AADC), which acts on all 

naturally occurring aromatic L-amino acids [119]. Alternatively, first the AADC converts L-

tyrosine in tyramine, which is then hydroxylated to DA via Cytochrome P450 2D6 (CYP2D6), 

an enzyme present in the SN, as well as in the liver [120]. 

After the synthesis, the neurotransmitter is taken up by storage vesicles via the vesicular 

monoamine transporters 1 and 2 (VMAT1 and VMAT2), which also transport 5-HT, histamine, 

adrenaline and NA [121]. VMAT1 is found in neuroendocrine cells, whereas VMAT2 is 

predominantly expressed in neurons. Their pharmacology differs from that of the amine 

transporters (e.g. DA transporter; DAT). VMATs are inhibited with a high affinity by reserpine 

but not cocaine. The discovery of the inhibition of VMATs with reserpine enabled several 

important scientific inquiries, like the unraveling of the storage and release mechanisms of DA 

in the CNS and the generation of PD models (see 2.3.3.4 and Chapter 6) [55, 121].  
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Figure 2.6 – Dopamine synthesis and degradation pathways. The sequential enzymatic reactions of mainly PH, 

TH and DOPA decarboxylase (AADC) lead to the synthesis of dopamine from L-phenylalanine and L-tyrosine. 

Alternatively, dopamine could be synthesized from tyramine by CYP2D6. Finally, the neurotransmitter dopamine 

is degraded into the inactive metabolites HVA and DOPAC via enzymatic reactions mediated by predominantly 

MAO, COMT, ALDH and ADH. Abbreviations: PH = Phenylalanine hydroxylase, TH = Tyrosine hydroxylase, 

AADC = L=amino acid decarboxylase, CYP2D6 = Cytochrome P450 2D6, HVA = Homovanillic acid, DOPAC 

= 3,4-dihydroxyphenylacetic acid, MAO = Monoamine oxidase, COMT = Catechol-O-methyl transferase, ALDH 

= Aldehyde dehydrogenase, ADH = Alcohol dehydrogenase. Source: Zahoor et al., 2018 [119]. 

Upon arrival of the action potential generated from the soma at the presynaptic terminals, the 

vesicles are fused with the membrane and DA is released in the synaptic cleft [122]. The 

exocytosis is initiated by an influx of Ca2+ ions into the cytosol via voltage-gated Ca2+ channels, 

or in striatal dopaminergic terminals through Ca2+ N- and P/Q-type channels. The amount of 

DA release appears to be dependent on the burst of action potentials and varies between low-

frequency “tonic” firing and higher frequency “phasic” firing, encoding for different behavioral 

information [123]. Once DA is in the synaptic cleft, it activates various DA receptors (see 

2.2.3.1). At the end, the neurotransmitter is actively pumped back into the neurons either by 

DATs or noradrenaline transporters (NATs). DA reuptake is fundamental for terminating its 

actions and maintaining a homeostasis [124]. Drugs like cocaine are capable to block the DA 

re-uptake, thus enhancing DA-mediated neurotransmission [125]. 

Finally, DA is metabolized in glial cells or dopaminergic neurons by two pathways, both having 

homovanillic acid (HVA) as a major end product (Figure 2.6). Thus, DA may be catalyzed to 

3,4-dihydroxyphenylacetaldehyde (DOPAL) by monoamine oxidase (MAO) in the presence of 
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O2 and flavin adenine dinucleotide (FAD). Subsequently, DOPAL is inactivated and converted 

into 3,4-dihydroxyphenylacetic acid (DOPAC) by aldehyde dehydrogenase (ALDH), followed 

by the degradation to HVA via catechol-O-methyl transferase (COMT). In addition, DOPAL 

could be converted by alcohol dehydrogenase (ADH) into 3,4-dihydroxyphenylethanol 

(DOPET) [126]. Alternatively, the methylation, deamination and oxidation of DA generates 3-

methoxytyramine and 3-methoxy-4-hydroxyacetaldehyde and HVA, respectively. In both 

pathways, HVA is excreted via the urine [119]. 

2.2.3.1 Dopamine receptors  

In the synaptic cleft, DA elicits its effect by the activation of five distinct DA receptors (D1R-

D5R), which are class A GPCRs (see 2.1). Based on structural, biochemical, physiological and 

pharmacological characteristics, these receptors are categorized in D1-class receptors (i.e. D1R 

and D5R) and D2-class receptors (i.e. D2R, D3R and D4R), see Table 2.4 [127, 128]. Although 

within both classes there is a high degree of similarity in the primary amino acid sequences of 

their TM domains, each DA receptor has specific pharmacological properties. Overall, the D1R 

and D5R are 80% homologous, whereas the D3R and D4R are 75% and 53% homologous with 

D2R, respectively. Structurally, the DA receptors have similar numbers of amino acids at the 

extracellular N-terminus, whereas the intracellular C-terminus is about seven times larger in 

D1-class receptors than in D2-class receptors [129, 130]. 

2.2.3.1.1 D1-class receptors 

The D1-class receptors are exclusively found at postsynaptic membranes and are typically 

coupled to Gαs/olf proteins. Thus, they activate AC and stimulate the production of the second 

messenger cAMP, which results in the activation of PKA [130]. Many targets of PKA have 

been reported to be affected by DA stimulation, such as ionotropic Glu receptors (NMDAR and 

AMPAR), cAMP response element-binding protein (CREB), ion channels and the 32-kDa DA 

and cAMP-regulated multifunctional phosphoprotein (DARPP-32) [131].  

In dopaminergic signaling, DARPP-32 is extensively studied and was shown to integrate 

signals from multiple neurotransmitters at dopaminergic targeted neurons. According to its 

phosphorylation pattern, DARPP-32 will act as an inhibitor of PKA or Ser/Thr protein 

phosphatase 1 (PP1), which have opposing functions on multiple shared targets. Under basal 

conditions, cyclin-dependent kinase 5 (Cdk5) converts DARPP-32 into a PKA inhibitor by 

phosphorylating its Thr75 residue [132]. Subsequent receptor activation results in the 

phosphorylation of this multifunctional phosphoprotein at Thr34 and the activation of protein 
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phosphatase 2A (PP2A), which dephosphorylates DARPP-32 at the Thr75 and Ser97/102 

residues. Finally, the D1-class/PKA/DARPP-32 signaling cascade leads to the inactivation of 

PP1, which results in the activation of MAPK and DARPP-32 accumulation in the nucleus to 

activate the transcription factor ΔFosB. Various genes are upregulated by ΔFosB, such as Cdk5, 

ionotropic Glu2 receptors or the nuclear factor kappa-light-chain-enhancer of activated B cells 

(NF-κB), whereas other genes are downregulated, such as c-fos and dynorphin [133]. 

Alternatively, the D1-class receptors could increase intracellular Ca2+ via the Gαq protein. The 

D5R has been suggested to be the main regulator of this signaling cascade, which was absent in 

D5R KO mice, but still present in mice lacking the D1R [134, 135]. Heterodimer formation 

between D1R and D2R may induce Gαq signaling as well (see 2.1.2) [44]. 

Category GPCR CNS expression Localization 
G protein  

(main signaling) 

D1-class 

D1R 

High levels 
SN, NAc, striatum, amygdala, OT and 

cortex  
Lower levels 

Thalamus, hippocampus, hypothalamus 
and cerebellum Postsynaptic 

Gαs/olf (  cAMP, 
activation of ion 

channels, MAPK and 
DARPP-32, 

inhibition of PP1) 

D5R 

Low levels 
SN, hypothalamus, cortex and 

hippocampus 
Very low levels 

NAc, dorsal striatum and OT 

 + Gαq (  IP3,  
intracellular Ca2+,  

 DAG, PKC 
activation) 

D2-class 

D2R 

High levels  
NAc, striatum and OT 

Lower levels 
VTA, SN, cortex, hippocampus, 

hypothalamus, septum and amygdala 
Presynaptic 

and 
postsynaptic 

Gαi/o (  cAMP, 
inhibition of DARPP-
32, activation of PP1) 

 
 
 

Gβγ (  intracellular 
Ca2+, inhibition of 

L/N type Ca2+ 

channels, activation 
of GIRK channels) 

D3R 

Highest levels 
OT, NAc and islands of Calleja  

Low levels 
VTA, SNpc, striatum, hippocampus, 

septum and cortex 

D4R 
Low levels 

Amygdala, cortex, hippocampus, 
hypothalamus, GP, SNpr and thalamus 

Table 2.4 – Key features of dopamine receptors in the central nervous system. Abbreviations: NAc = Nucleus 

accumbens, SN = Substantia nigra, SNpc = Substantia nigra pars compacta, SNpr = Substantia nigra pars reticulata, 

VTA = Ventral tegmental area, OT = Olfactory tubercle, GP = Globus pallidus, cAMP = 3’,5’-cyclic adenosine 

monophosphate, MAPK = Mitogen-activated protein kinase, DARPP-32 = 32-kDa dopamine and cAMP-regulated 

phosphoprotein, PP1 = protein phosphatase-1, IP3 = Inositol 1,4,5-trisphosphate, GIRK channels = G protein-

coupled inwardly rectifying potassium channels. Adapted from Beaulieu et al., 2011 and Hisahara et al., 2011 

[117, 128]. 
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2.2.3.1.2 D2-class receptors 

The D2-class receptors are located both at postsynaptic levels of neurons, which are targeted by 

dopaminergic afferents, and at presynaptic membranes of dopaminergic neurons. Moreover, the 

D2R consists of two major isoforms, generated by alternative splicing, the D2-short and D2-long 

receptor (D2SR and D2LR, respectively). These two alternatively spliced variants differ from 

each other by 29 amino acids in the ICL3 and have distinct physiological, pharmacological, 

signaling and anatomical characteristics [136]. For instance, the activation of D2SR causes a 

decrease in DA release and a reduction in locomotor activity, whereas induction of D2LR 

increases locomotion [117]. The long isoform is predominantly expressed at postsynaptic 

levels, whereas D2SR mainly functions as an autoreceptor at presynaptic levels by regulating 

the firing rate, synthesis and release of DA [137, 138]. In addition, two shorter D3R splice 

variants and various polymorphic variants of D4R have been reported [139-141].  

All the D2-class receptors are mainly coupled to Gαi/o proteins, preventing cAMP production 

and PKA activation via the inhibition of AC, thus decreasing DARPP-32 phosphorylation at 

Thr34 [117, 130]. Interestingly, differences are observed between D2-class receptors or receptor 

isoforms in inhibiting AC. For instance, AC is more potently inhibited by the D2SR than by the 

D2LR. Despite the lack of Gαq activation through the D2-class receptors, it has been reported 

that Ca2+ is mobilized through the Gβγ subunit. This subunit activates PLC, which results in an 

increased intracellular Ca2+ concentration and a dephosphorylation of Thr34 of DARPP-32 by 

stimulating the calmodulin-dependent protein phosphatase-2B (PP2B) [142]. Alternatively, the 

Gβγ subunits inhibit the L-type and N-type Ca2+ channels at MSNs and striatal interneurons, 

respectively, or may induce neuronal inhibition due to the activation of GIRK channels [117].  

The expression patterns of the D2-class receptors highly overlap with those of the D1-class 

receptors, although this does not directly result in a co-expression at the same neuron. D2R is 

very highly expressed in the NAc, striatum and OT, but is also significantly expressed in the 

VTA, SN, cortex, hippocampus, hypothalamus, septum and amygdala. High expression levels 

of D1R and D2R are found in the striatum, but these GPCRs are only co-expressed in 5% of the 

MSNs, a neuronal population covering around 95% of all the striatal cells [143]. Other D2-class 

receptors are only expressed in selected brain regions (D3R) or only at low levels (D4R). The 

highest expression levels of D3R are found in the OT, NAc and the islands of Calleja. In 

addition, significantly lower levels of D3R are observed in the SNpc, striatum, hippocampus, 

etc. The D4R has the lowest expression levels of dopamine receptors in the brain, but has been 

observed in the cortex, SN pars reticulata (SNpr) and other regions [117, 130].  
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2.2.3.2 Dopaminergic pathways 

DA accounts for about 80% of all the catecholamine content in the brain [127]. Humans have 

approximately 400.000-600.000 dopaminergic projecting neurons, which arise from the 

midbrain and modulate neurotransmission systems as the GABAergic, glutamatergic and 

cholinergic system [144]. The structural organization of the dopaminergic system is 

fundamental to understand its role in regulating motor control, cognition, motivation, emotion 

and neuroendocrine regulation. In the 1960s, twelve catecholamine-containing neuronal cell 

groups (A1-A12) were identified and five additional groups (A13-A17) were added later on 

[145, 146]. The introduction of immunohistochemistry made it possible to accurately describe 

nine major dopaminergic cell groups (A8-A15), distributed from the midbrain to the olfactory 

bulb. The midbrain contains the highest number of dopaminergic neurons in the brain, whereas 

the retrorubral nucleus (A8), SNpc (A9) and VTA (A10) represent the largest portion of these 

neuronal cell groups. The catecholamine cell group nomenclature is still being used, because it 

has two main advantages. Firstly, most of the dopaminergic neurons are not confined to one 

defined anatomical region. Secondly, the location of the neuronal cell bodies within each group 

varies between mammalian species (e.g. humans and rodents) and even more between different 

vertebrates [147].  

The CNS contains four major dopaminergic pathways, which are identified as the nigro-striatal 

(A8 and A9), meso-limbic (A8 and A10), meso-cortical (A8 and A10) and tubero-infundibular 

(A12) pathways (Figure 2.7) [147].  

The nigro-striatal pathway is part of the extrapyramidal nervous system (Figure 2.7A). These 

dopaminergic projections arise from cell bodies originating in the SNpc, which predominantly 

innervate their axons into the dorsal striatum [106]. These neurons modulate the thalamo-

cortical basal ganglia circuitry and are associated with movement initiation, coordination and 

termination. The degeneration of this pathway leads to motor control deficits (see 2.3.3), 

whereas DA deficiency in the basal ganglia may also result in akathisia (i.e. restlessness) and 

dystonia. In contrast, an excess of DA release in the nigro-striatal pathway underlies 

hyperkinetic movement disorders, including chorea and stereotyped behavior [87, 127].  

The meso-limbic pathway originates from the VTA and terminates into the NAc, OT, amygdala 

and hippocampus (Figure 2.7B) [106, 127]. This pathway has been implicated to influence 

motivation, reward and pleasure. Hyperactivity of the pathway is thought to play an important 

role in establishing the positive symptoms in psychosis, such as delusions and hallucinations 

[87]. Another DA pathway arising from the VTA, but projecting to regions of the frontal cortex, 
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is the meso-cortical pathway (Figure 2.7C). Branches of this pathway descending to the 

dorsolateral prefrontal cortex (DLPFC) are hypothesized to modulate cognitive and executive 

functions, whereas the branches projecting to the ventromedial prefrontal cortex (VMPFC) are 

probably involved in affection and emotion. In schizophrenia, the hypofunction of the meso-

cortical pathway is believed to establish negative, cognitive and affective symptoms [86]. 

 

Figure 2.7 – Dopaminergic pathways in the human brain. Major pathways of the dopamine neurotransmission 

system in the CNS; (A) nigro-striatal pathway, (B) meso-limbic pathway, (C) meso-cortical pathway and (D) 

tubero-infundibular pathway. Adapted from Whittingham et al., 2017 [89]. 

In the 1970s, the presence of the D2R and the role of DA as an inhibitor at lactotrophs in the 

anterior pituitary gland was recognized. The neuroendocrine regulation of this gland was 

referred to as the tubero-infundibular pathway (Figure 2.7D), where dopaminergic neurons 

present in the arcuate nucleus and periventricular of the hypothalamus project into the 

hypothalamic–hypophyseal vasculature, whereas the pituitary, via the bloodstream, has access 

to DA [148, 149]. The transported DA is the primary regulator of prolactin release and gene 

expression from lactotrophs, which express both D2R isoforms [130, 148]. Prolactin stimulates 

the production of milk from the mammary glands and lactotrophic proliferation. Hypersecretion 

of prolactin is associated with a loss of ovulation and menstrual periods (amenorrhea), breast 

secretions (galactorrhea) and sexual dysfunction. Hyperprolactinemia is commonly treated with 

D2R agonists to normalize the levels of prolactin in the blood [87, 127, 149]. 
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2.3 Central nervous system disorders  

CNS disorders cover a broad category of conditions in which dysfunction of neurological 

processes in the brain limits patients’ health and reduces their quality of life. Moreover, the 

socioeconomic burden of neurological disorders is significant in countries with aging 

populations. Although in the past decades major advancements in neurobiology have been 

made, many complicated processes still remain poorly understood. In this section, we cover 

several aspects of three CNS disorders that are relevant within the context of this thesis, i.e. 

temporal lobe epilepsy (TLE), Alzheimer’s disease (AD) and PD. A plethora of animal models 

for each of these CNS disorders is available, many of which have played a crucial role in 

discovering novel pharmacological therapies and treatment strategies and have aided to the 

understanding of the pathogenesis [150]. As is it beyond the scope to cover all the current 

available models, therefore, the most significant rodent models have been summarized with a 

special emphasis for the animal models used in this thesis.  

2.3.1 Temporal lobe epilepsy 

The word epilepsy is derived from the Greek verb epilavainem, which means “to be taken hold 

of” or “to be seized”. Epilepsy was believed to occur by the actions of the gods or evil spirits 

and was considered as “the sacred disease”. Around 400 BC, Hippocrates was the first to 

convey the concept that epilepsy was a disease arising from the brain and should be cured by 

drugs and diet, not religious incarnations. Yet, it required more than two millennia to designate 

a biological function to epilepsy as “an occasional, an excessive, and a disorderly discharge of 

nerve tissue”, therefore the cause was mainly based on beliefs as “demonic possession” [151]. 

Epilepsy is the fifth most common neurological disorder, after stroke, migraine, AD and 

meningitis [152]. This disorder affects more than 65 million people worldwide, with an annual 

incidence of 2.4 million people being diagnosed with epilepsy [153, 154]. This neurological 

disorder is characterized by an enduring predisposition to generate epileptic seizures and is 

accompanied by neurobiological, cognitive, psychological and social consequences for each 

individual. Epileptic seizures are defined as transient signs and/or symptoms due to abnormal 

excessive or synchronous neuronal brain activities. However, the clinical definition of epilepsy 

demands two unprovoked seizures separated by at least twenty-four hours, a single seizure with 

a high risk of recurrence (i.e. >60% over the next ten years) or an epilepsy syndrome [155]. In 

2017, the International League Against Epilepsy (ILAE) categorized seizures based on their 

origin in the brain either as generalized, focal or unknown [156]. 
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Generalized seizures start in both brain hemisphere networks simultaneously, and are classified 

as motor or non-motor (absence) seizures. In contrast, focal seizures originate from a limited 

region of a single hemisphere and are categorized, according to whether a patient’s 

consciousness is impaired or not, as focal impaired awareness (complex partial) or focal aware 

(simple partial) seizures, respectively. The focal seizures may be further divided by prominent 

motor or non-motor involvement, where specific symptoms and signs might classify the 

seizures as myoclonic jerks, tonic-clonic activity, automatism, etc. Focal seizures that spread 

to both hemispheres (focal to bilateral tonic-clonic activity) are termed secondary generalized 

seizures. Unknown onset seizures defy classification due to incomplete data, but might have 

signs and symptoms that can be classified (e.g. tonic-clonic activity) [154, 157, 158]. 

Focal epilepsy comprises about 60% of all epilepsy patients, with TLE being the most common 

type and the most refractory form of epilepsy [153]. TLE can be mainly distinguished in lateral 

(LTLE) and mesial temporal lobe epilepsy (MTLE). Seizures in LTLE originate from the 

neocortex at the outer surface of the temporal lobe, but this condition is poorly studied and 

accounts for about 10% of all temporal epilepsies [159]. Patients with MTLE, where we refer 

to as TLE in this thesis, present complex partial seizures originating from the hippocampus, 

amygdala or entorhinal cortex, with or without secondary generalization [153, 158, 160]. A 

typical TLE seizure often starts with an aura, which may include sensory illusions, 

hallucinations or viscerosensory symptoms (warm ascending-, gastric- and thoracic sensation). 

This is then followed by a loss of awareness, mostly in combination with hand and 

oroalimentary automatisms [157]. Hand automatisms are purposeless and include repetitive 

movements of the hands including fumbling and grasping, whereas oroalimentary automatisms 

are defined as stereotyped behaviors, repetitive movements of the mouth, jaw, lips and tongue 

[161]. 

2.3.1.1 Neuropathology 

The pathophysiology of TLE covers three stages; (1) the injury of the temporal lobe due to an 

initial precipitation event such as a trauma, stroke, encephalitis, febrile convulsion or status 

epilepticus (SE), (2) followed by a period of the epileptogenesis that triggers a cascade of 

cellular molecular events during a seizure-free period, and (3) the establishment of spontaneous 

recurrent seizures (SRS) [151]. 

Frequently, TLE patients have a history of an injury or illness during their infancy or early 

childhood that potentially could have affected the brain. However, similar events do not always 

lead to TLE in all people, which suggests that genetic susceptibility and environmental factors 
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may play their part as well. Presumably, the brain’s reaction to the initial precipitation event is 

more important than the event itself [151]. 

The pathological changes underlying TLE are not well-understood, but numerous limbic 

structures are believed to be susceptible to its development, including the hippocampus, 

amygdala and entorhinal cortex. Neuropathological studies indicated that TLE is often 

associated with hippocampal sclerosis (HS), although there is an ongoing debate whether HS 

is the cause or the consequence of TLE. However, surgical resection of the sclerotic 

hippocampus, rather than adjacent regions, results in a good seizure-free outcome [162, 163]. 

The histological pattern of HS is characterized by gliosis and a selective neuronal loss in the 

Cornu Ammonis (CA) region 1 (CA1), CA3 region and in the polymorphic layer, also known 

as the hilus of the dentate gyrus (DG). In contrast, some proximal regions appear to be relatively 

resistant, such as the CA2 region and granular cell (GC) layer of the DG [164]. A dispersion of 

the GC layer might be observed though, which normally consists of a dense neuronal population 

(Figure 2.8) [165]. Regularly, hippocampal damage results in axonal and synaptic 

reorganization of mossy fibers from the GC layer into the inner molecular layer of the DG, a 

process called mossy fiber sprouting, whereas they normally innervate the hilar mossy cells and 

CA3 pyramidal cells and interneurons. Sclerosis is not limited to the hippocampus, but could 

extend to the other mesiotemporal regions, such as the amygdala and perirhinal, piriform and 

entorhinal cortices [151].  

 

Figure 2.8 – Characteristic changes in the epileptic focus in patients with TLE. Cresyl violet-stained (Nissl) 

section of (A) control and (B) epilepsy specimen, showing a hippocampal formation. In the epilepsy specimen, 

the granular layer (G) is wider and appears disorganized due to dispersion of granular cells. In addition, cell loss 

is evident in the hippocampal hilus (PM; polymorph), CA1 and CA3 regions. Scale bar = 500 µm. Adapted from 

Houser et al., 1990 [165]. 
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2.3.1.2 Pharmacological therapeutics 

The modern treatment of epilepsy began with potassium bromide, which was first mentioned 

on the 23rd of May 1857 [166]. At that time, the Lancet published the comments made by Sir 

Charles Locock at the Royal Medical and Chirurgical Society, London. There he shared his 

success that potassium bromide administration had stopped epileptic seizures in 14 out of 15 

women with ‘hysterical” or catemenial epilepsy [167]. In 1912, the psychiatrist Alfred 

Hauptman serendipitously discovered the anticonvulsive properties of phenobarbital, which 

marked the foundation of the modern pharmacotherapy of epilepsy. During the seventy years 

that followed, more AEDs became available, such as phenytoin, ethosuximide, carbamazepine, 

valproate and a range of benzodiazepines [168].  

The first-line treatment to control seizures in epilepsy patients still relies on AEDs. While 

approximately 70% of patients remain seizure-free by taking one to three AEDs, about 60% 

endure adverse effects and about 33% of those patients have to switch AEDs [169]. Since 1994 

more than 15 novel AEDs have been introduced, i.e. second/third-generation AEDs, many of 

which have a novel mechanism of action compared with previous pharmacotherapy, i.e. first-

generation AEDs (Table 2.5) [170, 171]. Although the therapeutic armamentarium to control 

seizures has broadened significantly over the past decades, almost one-third of the epilepsy 

patients remains refractory to currently available AEDs [170, 172]. Refractory or drug-resistant 

epilepsy, defined by the ILAE in 2010, are considered as patients who do not achieve sustained 

seizure freedom after adequate trials of two tolerated, appropriately chosen and used AED 

schedules (whether as monotherapies or in combination) [173].  

The second/third-generation AEDs does not contain superior anti-epileptic properties over first-

generation AEDs. However, they are associated with milder drug-drug interactions, less 

adverse effects and have a more predictable dose-response profile than first-generation AEDs 

[169]. The properties of novel AEDs make them useful as agents in combination therapies (e.g. 

lamotrigine with valproate) [166, 174]. However, the availability of more than 25 FDA-

approved AEDs creates a challenge for clinicians to select the optimal (combination) treatment 

for an individual patient. Moreover, limited data is available in the efficacy comparison between 

AEDs [171, 175]. An important selection criterion of the treatment regimens may be provided 

by the drugs’ mechanism of action. Mainly, AEDs reinstate the imbalance between neuronal 

excitation and inhibition, which is an underlying mechanism in the development of epileptic 

seizures. At the cellular level, AEDs are essentially developed to modulate voltage-gated ion 

channels, attenuate excitatory or enhance inhibitory neurotransmission [168]. 
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 Mechanism of action 

Anti-epileptic 
drug 

Na+ channel 
blockade 

Ca2+ channel 
blockade 

K+ channel 
activation 

NMDAR 
blockade 

AMPAR 
blockage 

GABAergic 
transmission 

SV2A 
inhibition 

First generation 
(1912 – 1970) 

       

 Phenytoin +     -  
 Carbamazepine +       
 Valproate + -    -  
 Ethosuximide  +       
 Benzodiazepine      +  
 Phenobarbital  -  -  +  

Second generation 
(1989 – 2007) 

       

 Topiramate + -   - -  
 Oxcarbazepine + -      
 Lamotrigine + -    -  
 Zonisamide + -      
 Gabapentin - +    -  
 Felbamate - -  -  -  
 Vigabatrin      +  
 Tiagabine      +  
 Levetiracetam  -     + 

Third generation 
(2010 – 2020) 

       

 Eslicarbazepine +       
 Lacosamide +       
 Retigabine   +   -  
 Perampanel     +   

Table 2.5 – The three generations of anti-epileptic drugs introduced in Europe and their proposed 

mechanism of action. + = major (proposed) mechanism of action, - = minor (proposed) mechanism of action. 

Abbreviations: NMDAR =	N-methyl-D-aspartate receptor, AMPAR = α-Amino-3-hydroxy-5-methyl-4-isoxazole 

propionic acid receptor (AMPAR) and SV2A = Synaptic vesicle protein 2A. Adapted from Cook et al., 2011, 

Reimers et al., 2012 and Hanaya et al., 2016 [169, 176, 177]. 

An upward spike of the Na+ concentrations in neurons is facilitated through the opening of 

voltage-gated Na+ channels, once the depolarizing threshold is reached during the action 

potential [168]. These channels are closed when the membrane is repolarized and due to 

continuing depolarization by a process called inactivation, which leaves the channel refractory 

[178]. In general, two types of inactivation have been indicated; (i) fast inactivation (i.e. 

completed within milliseconds) and (ii) slow inactivation (i.e. ranging from �100 ms to several 

minutes) [179]. These voltage-gated Na+ channel properties for sustaining the rapid burst of 

action potential are required for normal brain function, but are also implicated in the production 

of epileptic discharges. Phenytoin binds to inactivated channels and modulates their Na+ 

permeability, which decreases Na+ currents and extends the inactivity period for frequently 
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firing neurons (fast inactivation), but has little impact on neurons with a low rate of firing (slow 

inactivation) [180]. Other voltage-gated Na+ channels inhibitors, including first-generation (e.g. 

carbamazepine) and second-generation (e.g.	oxcarbazepine) AEDs, work in a similar manner 

(Table 2.5) [181]. Interestingly, lacosamide is the first FDA-approved AED that inhibits 

neurons which are repetitively discharged and have a prolonged depolarization. This drug 

enhances slow inactivation, where it is probably involved in the structural alteration of voltage-

gated Na+ channels that inactivate over a more prolonged period of time [182].  

Anti-epileptic activity can also be conferred by blocking voltage-gated Ca2+ channels that are 

evidently located at presynaptic neuronal membranes. According to the action potential that 

activates these ion channels, these are classified in low (T-type) or high (L-, N-, P-, Q-, and R-

types) threshold voltage-gated Ca2+ channels [168]. Ethosuximide inhibits low-threshold T-type 

Ca2+ channels (Table 2.5), and is used for the treatment of childhood absence epilepsy [183].  

K+ channels are responsible for the repolarization of the membrane in the aftermath of Na+ 

channel activation. Retigabine, a positive allosteric modulator, acts predominantly by 

increasing the number of open K+ channels at its resting state and primes the cell to counteract 

with a larger, more rapid, and more prolonged response to membrane depolarization or 

increased neuronal excitability [184, 185].	 

The NMDARs are involved in the excitatory glutamatergic neurotransmission system (see 

2.2.1.1). The activation of these ionotropic Glu receptors allows the influx of Ca2+, which 

represents one of the major mechanisms for neurotoxicity during traumatic brain injury (TBI), 

stroke and SE. Felbamate and phenobarbital can inhibit the NMDARs at postsynaptic 

membranes, however, this is not their sole mechanism of action (Table 2.5) [177, 186].  

The aryl-substituted 2-pyridone AMPAR antagonist, perampanel, was the first AED with a 

specific action on glutamate-mediated excitatory neurotransmission [187, 188]. These receptors 

are mainly located at the postsynaptic membranes and are involved in the fast synaptic 

excitations within and between brain regions [189]. The anti-epileptic and adverse effects of 

this non-competitive antagonist have been reported in rodents and epileptic patients, where it 

recently has been approved for adjunctive treatment of partial-onset seizures [188, 190]. 

In contrast to modulating the influx of cations, GABA receptor agonists induce a 

hyperpolarized state in neurons through the opening of Cl- channels. The generated 

hyperpolarization makes the neurons less susceptible to action potentials or abrogates 

depolarization of activated neurons. The benzodiazepines bind to GABAA receptors between 
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the α and γ subunits. However, barbiturates (e.g. phenobarbital) interact with the membrane 

portion of GABAA receptors and are able to potentiate the inhibitory effect of endogenous 

GABA [177, 191]. The GABAminergic neurotransmission can be modulated by indirect 

receptor mechanisms as well. Vigabatrin, a structural analog of GABA, inhibits GABA-

transaminase, thus preventing the degradation and increasing the concentrations of GABA in 

the synaptic cleft. In addition, tiagabine increases GABA concentrations through reducing the 

GABA uptake by glial and neuronal cells (Table 2.5) [186].  

Interestingly, the inhibition of synaptic vesicle protein 2A (SV2A) appears to attenuate 

excitatory activity, as this protein is involved in the process of neurotransmitter exocytosis into 

the synaptic cleft. Levetiracetam is the first marketed AED that inhibits SV2A [192]. 

2.3.1.3 Rodent models of seizures and epilepsy 

The pathophysiology that generates seizures (ictogenesis) and the development of epilepsy 

(epileptogenesis) are complex. Animal models play a fundamental role in advancing our 

understanding of the underlying molecular and genetic mechanism of this complex neurological 

disorder. Moreover, these models have been shown to be valuable tools for the discovery and 

the preclinical development of novel AEDs [193]. In general, the epilepsy models can be 

divided into two different groups based on whether the animals present immediately provoked 

seizures (acute models) or signs and symptoms of epilepsy (chronic models). 

In acute models, the epileptic seizures are directly induced by chemical, electrical or audiogenic 

stimuli. However, SRS, a characteristic of epilepsy, are not established in these models. 

Nevertheless, the acute models allow mass-screening of novel AEDs in a relatively short period 

of time [194]. The maximal electrical shock (MES) and the pentylenetetrazol (PTZ) rodent 

models have traditionally been used in the initial screening of novel anticonvulsants. In the 

MES model, generalized tonic-clonic seizures are induced by bilateral trans-auricular or corneal 

short (0.2 ms) suprathreshold electrical stimulations in mice (50 mA) or rats (150 mA) [195]. 

Non-convulsive myoclonic and absence seizures are provoked in rodents via the subcutaneous 

(s.c.) administration of PTZ (60-100 mg/kg), a GABAA receptor antagonist, to establish the 

PTZ model [196]. However, the therapeutic efficacies of some novel AEDs (e.g. levetiracetam) 

were demonstrated for epilepsy patients with focal seizures, but were shown to be ineffective 

in these two models. Noteworthy, as PTZ and MES models have been used over six decades, 

they might particularly (or only) identify AEDs that share similar properties with existing 

agents and are unlikely to be effective in the treatment of drug-resistant epilepsy patients [170, 

195].  
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To address this need, the 6 Hz psychomotor seizure model has been adopted in the new epilepsy 

therapy screening program of the National Institute of Health as an acute model for drug-

resistant epilepsy [170, 194]. Herein, focal seizures are induced through low-frequency (6 Hz) 

rectangular pulses (0.2 ms) and long-duration electrical stimulations (3 s) delivered by corneal 

electrodes. In mice, twelve tested AEDs (e.g. tiagabine) blocked the seizures induced with a 

convulsant 22 mA current. However, most of the AEDs lost their efficacy with a current of 44 

mA, with only a few (incl. levetiracetam) providing complete protection against the seizures 

[195, 197]. In addition, acute seizures can also be provoked in rodent strains (e.g. DBA/2J mice 

and WAG/Rij rats) that show genetic susceptibility to an acoustic stimulus [198, 199].  

Chronic models more closely represent the epileptic state due to the occurrence of SRS, with 

many popular models resembling the most common form of epilepsy (i.e. TLE). The kindling 

model mimics the development of focal epilepsy, in which repeated application of initially sub-

convulsive electrical stimulations in the limbic system (e.g. amygdala or hippocampus) induces 

progressive enhancement of seizure susceptibility (i.e. severity, duration and a decrease of the 

seizure threshold) and brain alterations [170, 200]. Eventually, the animals will reproductively 

evoke generalized tonic-clonic seizures after each stimulus and are classified as fully kindled 

animals. When the electrical stimuli continues in fully kindled animals, they obtain SRS and 

establish a permanent epileptic state [201]. Modification of this model has emerged with the 

lamotrigine-resistant or phenytoin-resistant kindled rat, in which during kindled seizure 

development the animals are treated with low doses of lamotrigine or phenytoin, respectively 

[202-204]. Moreover, kindled animals can be induced by chronic intraperitoneal (i.p.) 

administration of PTZ with a sub-convulsive dose (20-40 mg/kg) for a number of days [196]. 

Several TLE models are induced by a sustained SE through the chemical injection of kainic 

acid (KA; see 2.3.1.4) or pilocarpine (PILO). The initial insult (i.e. SE) is associated with 

extensive temporal and extra-temporal damage, where the animals, after a seizure-free period, 

develop SRS [205]. The muscarinic agonist PILO is commonly used to reproduce TLE in post-

SE animals. This neurotoxin can be administered via an intra-hippocampal injection, a high 

systemic dosage (300-400 mg/kg) or a low dosage (30 mg/kg), when the animals are pretreated 

(24 hours) with lithium to increase the BBB permeability [206-208]. 

Moreover, chronic epilepsy models could be provoked by insults such as TBI, stroke, febrile 

seizures and hypoxia [205, 209]. In addition, different genetic epilepsy models have been 

established, including models for absence seizures (e.g. GEARS and WAG/Rij rats) and 

generalized tonic-clonic seizures (e.g. NER/Kyo, IER/Ihr and WER rats) [210]. 
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2.3.1.4 Kainic acid model 

The systemic KA model, utilized in Chapter 3 and Chapter 5, reproduces the three stages as 

seen in TLE patients: an initial insult (i.e. SE), a latency period and SRS [211, 212]. KA is a 

cyclic glutamate analog that is extracted from the Digenea simplex, an alga found in tropical 

and subtropical waters. Originally, KA was used to treat ascariasis caused by parasitic 

roundworms in the gut [213]. However, subsequent studies indicated that KA could induce 

robust depolarizations and cell death. Its excitatory and epileptogenic effects are exerted upon 

binding to KARs (belonging to the ionotropic glutamate receptors) and could be further 

categorized to GluK1-5 [214]. Moreover, its specific KAR (e.g. GluK4) expression levels and 

hippocampal distribution, in combination with its high affinity to glutamate, renders the CA3 

region highly susceptible to excitotoxic damage induced by KA. Thus, in the KA animal model, 

the seizure onset zone is often located in the hippocampus. This was confirmed by epileptiform 

electroencephalography (EEG) patterns, where most seizure activities began at the CA3 region 

and propagated to the CA1 region [153].  

The systemic KA model can be induced via two strategies; a single KA injection (6-15 mg/kg) 

or multiple dosing (5 mg/kg) each hour until SE occurs, with a mortality rate of 5 to 30% in 

rats [153]. After recovery from the provoked seizures, the animals develop SRS about 11 days 

later, with interictal spikes preceding the first spontaneous seizures [215-217]. Interestingly, 

injections (i.p.) with full KA dose (5 mg/kg) or half KA dose (2.5 mg/kg) lead to more rats to 

develop SRS and a lower mortality rate [218]. Analogous to patients with TLE, various 

neuropathological changes take place, including extensive neuronal loss within the 

hippocampus (hilus, CA1 and CA3 regions), neurodegeneration in extra-temporal regions, 

aberrant mossy fiber sprouting, induction of oxidative stress, changes in cellular and network 

excitability and astrogliosis [153, 219]. Interestingly, the neurodegeneration observed in the 

extra-hippocampal regions are probably not induced by the neurotoxin itself, but are due to the 

propagation of epileptiform activities [220].  

The main advantage of systemic KA administration is that SE can be easily induced without 

the need to perform surgical procedures, as compared to intracerebral KA injections. In 

contrast, the disadvantage is, that the KA bioavailability in the brain cannot be completely 

controlled. As either a single or multiple injections may be required to reach SE, this may 

introduce bias in the experimental set-up [153]. 
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2.3.2 Alzheimer’s disease 

On the 3rd of November 1906, the psychiatrist and neuropathologist, Alois Alzheimer, lectured 

“A peculiar severe disease process of the cerebral cortex” at the 37th Meeting of South-West 

German Psychiatrists in Tübingen, Germany. He was fascinated by the symptoms of Auguste 

Deter, a 50-year old woman who suffered from hallucinations, memory loss and progressive 

confusion. Alzheimer analyzed her brain postmortem and observed morphological and 

histological alterations, which later became to be known as amyloid plaques and neurofibrillary 

tangles (NFTs). Several years later, Emil Kraepelin suggested to use the term “Alzheimer’s 

disease” for the neurological disorder that was lectured [221, 222].  

Approximately 50 million people worldwide suffer from AD. Moreover, AD is predicted to be 

more than tripled by 2050, to 152 million cases, as the population ages [223]. It is the most 

prevalent neurodegenerative disorder and the main cause of dementia, leading to clinical 

features as memory loss, impaired cognitive functions, changes in behavior and personality. 

The average clinical duration of AD is 8-10 years, whereas prodromal and preclinical phases 

may precede over two decades [224]. This disorder affects around 10% of the individuals over 

the age of 65 years and 40% over 80 years [50, 221, 225]. Patients with mutations in genes 

encoding for amyloid precursor protein (APP), presenilin 1 (PS1) and presenilin 2 (PS2) have 

a rare familial form of AD (<1%), and develops the disease at an average age of 45 years of age 

[226]. The vast majority of AD patients has the sporadic form (>95%), which is caused by a 

complex interplay between genetic and environmental factors. Polymorphisms of the gene 

encoding apolipoprotein E (APOE) have the biggest impact on the age of onset. The APOE 

protein has three common isoforms, only differing by one or two amino acids, namely APOE2 

(Cys112/Cys158), APOE3 (Cys112/Arg158) and APOE4 (Arg112/Arg158) [224, 226]. This 

protein is important in binding both cellular receptors and lipoprotein particles, with these 

amino acid substitutions altering its charge and structural characteristics. Heterozygotes for 

APOE4 have a three-fold increased risk of developing AD, further rising to a twelve-fold 

increase in homozygotes, compared to non-APOE4 carriers [227]. Other genetic risk factors 

that are less strongly associated with AD involve CD33, clusterin (CLU), complement receptor 

type 1 (CR1), triggering receptor expressed on myeloid cells 2 (TREM2), the ATP-binding 

cassette transporter (ABCA7) and phosphatidylinositol-binding clathrin assembly protein 

(PICALM) [224]. All these genes may be part of the clearance pathway of amyloid β (Aβ). In 

addition, epidemiological evidence determined potential modifiable risk factors for developing 

AD, such as smoking, depression, diabetes mellitus, mid-life hypertension and obesity [228]. 
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2.3.2.1 Neuropathology 

AD is a progressive, unremitting, neurodegenerative disorder where at first amyloid deposits 

affects areas of the frontal and temporal lobe, and then progresses to different areas of the 

neocortex [224]. Due to the complexity of this neurodegenerative disease, the lack of reasonable 

research tools and models, a detailed description of the pathogenesis has not yet been achieved. 

Many hypotheses have emerged about AD, including roles for inflammation, calcium, 

cholinergic neuron damage and oxidative stress. Extracellular deposits of Aβ peptides (amyloid 

cascade hypothesis) and intraneuronal NFTs (tau hypothesis), as already observed by Alois 

Alzheimer, are the major neuropathological features explaining the pathogenesis of AD [229]. 

Over the past 25 years, the amyloid cascade hypothesis has been the prevalent theory for AD, 

suggesting that the accumulation and deposition of oligomeric or fibrillary Aβ peptides is the 

primary cause of the pathology [230]. These Aβ peptides are produced by the sequential 

cleavage of APP, a TM glycoprotein of type I, with β- and γ-secretase enzymes (Figure 2.9). 

The latter enzyme is a big integral membrane complex composed of a catalytic component 

presenilin (PS1 or PS2), nicastrin, anterior pharynx-defective-1 (AHP-1) and presenilin 

enhancer-2 (PEN-2) [231]. Under normal physiological conditions, α-secretase cleaves 90% or 

more of APP within the Aβ peptide sequence, precluding Aβ generation and producing the 

soluble N-terminal ectodomain of APP (sAPPα) and the membrane-bound 83-amino acid C-

terminal fragment (C83). Subsequently, the C83 is cleaved into the short fragment p3 and the 

APP intracellular domain (AICD) by γ-secretase. The sAPPα has important functions in 

neuronal plasticity and neuroprotection, whereas AICD is involved in signal transduction. The 

other portion of APP is predominantly cleaved by BACE1 (β-site APP-cleaving enzyme 1), a 

β-secretase which generates sAPPβ and the membrane-anchored 99-amino acid C-terminal 

fragment (C99) [100]. BACE1, which is located in acidic intracellular compartments, is 

increasingly expressed with age and is upregulated in the cortices of AD patients [232, 233]. 

Next, the C99 is cleaved by γ-secretase, producing Aβ40, as well as a small fraction (~10%) of 

the variant Aβ42 [230]. The latter is more hydrophobic, showing a greater tendency to aggregate 

and is the core component in neuritic plaques. In healthy individuals, low concentrations of 

both Aβ forms are present, due to a balance between their generation and clearance. However, 

in the brains of AD patients, an accumulation of Aβ42 or an increase in the ratio of Aβ42/Aβ40 

causes neuropathological features, as well as Aβ fibril formations that develop into amyloid 

plaques. The soluble Aβ oligomers cause neurotoxicity and the induction of tau pathology, 

which leads to neurodegeneration and neuronal loss [224, 226].  
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Figure 2.9 – APP processing pathways. The cleavage of the amyloid precursor protein (APP) by α- and γ-

secretase leads to the generation of AICD and p3 proteins, whereas excision with β- and γ-secretase produces 

AICD and extracellular Aβ. The latter exist in two variants, the Aβ40 and Aβ42, which are the main causative agents 

in AD pathology according to amyloid cascade hypothesis. Adapted from Thathiah et al., 2011 [100]. 

In the amyloid cascade hypothesis, the aberrant production and accumulation of Aβ is taken as 

the starting point in the AD pathogenesis, whereas the tau pathology arises as a secondary event 

[234]. Conversely, the tau hypothesis includes the fact that the main causative agent to induce 

this neurodegenerative disorder is tau. Interestingly, this is supported by studies reporting that 

tau lesions occur prior to Aβ accumulations [235, 236]. Tau contains many phosphorylation 

sites and is both expressed as four (4R) or three (3R) microtubule-binding domain repeats due 

to alternative splicing [237]. Its activity is regulated by the degree of phosphorylation in order 

to stabilize microtubules in the cytoskeleton of neurons, facilitate enzyme anchoring and axonal 

transport of organelles (e.g. mitochondria) to nerve terminals [238]. Hyperphosphorylation 

suppresses tau activity and leads to pathological inclusions due to tau aggregation. These 

inclusions are referred to as NFTs in the soma and dendrites or as threads in the neuropil [239]. 

The tau pathology causes an inhibition of the axonal transport, which results in an accumulation 

of APP and mitochondria in neuronal cell bodies. Altogether, extensive cell damage due to tau 

aggregation results in neurodegeneration. Nevertheless, tauopathies are also seen in other 

neurodegenerative dementing disorders, including frontotemporal dementia (FTD), Pick’s 

disease, progressive supranuclear palsy, amongst others [230]. The difference between the tau 

pathologies can be classified based on specific phosphorylation patterns and the increase of tau 

isoforms in the brain or cerebrospinal fluid (CSF). In AD patients, the examination of CSF 

shows typically low Aβ42 and elevated levels of total-tau and phosphorylated-tau at residues 

181 and 231 [224, 240].  
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2.3.2.2 Pharmacological therapeutics 

Despite the significant health issues that AD poses, there are only four FDA-approved drugs 

currently available in its therapeutic armamentarium (Table 2.6). These agents provide 

symptomatic relief in patients, although their overall average cognitive effects are small and 

they fail to modify the progress or cure the disease [241]. Besides, pharmacological AD 

management is challenging for clinicians due to the limited amount of drugs available [242]. 

In the mid-1970s, a breakthrough was achieved by the demonstration that the brains of patients 

with AD were deficient in ACh. This discovery, along with the role of ACh in cognitive 

functions (see 2.2.2), led to the presentation of the “cholinergic hypothesis”, which proposes 

that the cognitive, functional and behavioral dysfunction associated with AD may be caused by 

the deterioration of cholinergic neurons in the basal forebrain and the associated loss of 

cholinergic neurotransmission in the cerebral cortex and other areas [243]. Currently, most 

pharmacological treatments for AD inhibit the cholinesterase enzyme within the synapse, thus 

preventing ACh breakdown and enhancing cholinergic neurotransmission. Humans express two 

types of cholinesterases, AChE and butyrylcholinesterase (BuChE). The physiological role of 

BuChE is unknown, but its expression level increases as AD progresses, whereas the expression 

of AChE decreases [244]. In 1993, tacrin was the first approved AChE inhibitor (AChE-I) for 

the treatment of mild-to-moderate AD, but it has been discontinued due to its poor oral 

bioavailability and hepatotoxic risks [245-247]. Nowadays, three second-generation AChE-I 

are prescribed to treat AD, i.e. donepezil, rivastigmine and galantamine (Table 2.6). Donepezil 

is a selective AChE-I, whereas rivastigmine inhibits both AChE and BuChE. Galantamine 

selectively inhibits AChE, while it also functions as a modulator of nAChRs [242, 244]. The 

AChE-Is are mostly used for the treatment of mild-to-moderate AD, although patients with 

moderate-to-severe AD have cognitive benefits from continued donepezil treatments [248].  

Drug class Mechanism of action Dose  Adverse effects 
AChE inhibitors     

 Donepezil Selective and reversible AChE-I 5-10 mg daily Diarrhea, nausea and headache 

 Rivastigmine Pseudo-reversible AChE-I 
(+ BuChE-I) 1.5-6 mg b.i.d. Anorexia, dizziness, nausea 

vomiting and diarrhea 
 Galantamine Selective and reversible AChE-I 

(+ allosteric nAChR modulator) 4-12 mg b.i.d. Nausea and vomiting 

Others    
 Memantine NMDAR antagonist 

(+ 5-HT3 receptor antagonist) 5-20 mg b.i.d. Dizziness, headache, hypertension 
and constipation 

Table 2.6 – Characteristics of acetylcholinesterase inhibitors and memantine. Abbreviations: AChE-I = 

Acetylcholinesterase inhibitor, BuChE-I = Butyrylcholinesterase inhibitor, NMDAR = N-methyl-D-aspartate 

receptor, 5-HT3 receptor = Serotonin type 3 receptor. Adapted from Bishara et al., 2015 [242]. 



Chapter 2: General introduction 

	
44 

The neurotransmitter glutamate stimulates a number of receptors located at the postsynaptic 

membrane, including NMDARs (see 2.2.1.1). Their overstimulation results in glutamate-

mediated excitotoxicity and has been implicated in neurodegenerative disorders. Memantine 

was predominantly developed as a non-competitive NMDAR antagonist (Table 2.6) with fast 

receptor on/off kinetics, that is sufficient to prevent pathological activation of NMDARs and 

allow its physiological activation [244]. The antagonist is used for the treatment of patients with 

moderate-to-severe AD. However, co-administration with donepezil provides more clinical 

benefits than its use as a monotherapy [249-251].  

2.3.2.3 Rodent models of Alzheimer’s disease 

Animal models have become essential to further understand the pathology of AD in relationship 

with its cognitive decline. Despite the lack of success for AD therapeutics in clinical trials, these 

models allow to assess therapeutic approaches that target specific pathological features in a 

manner that cannot be done in humans. The very high failure rate (~99.6%) of AD therapeutics 

in clinical trials can at least partly be explained by the premature translation of successful 

pathological reductions from animal models to humans [252-254]. To date, the majority of 

models are transgenic mice expressing genes	that result in the formation of amyloid plaques 

and/or NFTs. However, other types of rodent models are available and, according to the way in 

which the pathology is induced, they can be divided into three categories: transgenic, 

interventional and spontaneous models [255-257]. It is far beyond the scope of this thesis to 

discuss all the available models of AD. Hence, the most significant rodent models are presented. 

For an extensive overview of the models used in AD research, please visit the Alzheimer 

Research Forum webpage (http://www.alzforum.org/research-models) [258]. 

Rodents do not naturally develop amyloid plaques, which is likely due to lower concentrations 

of Aβ in their brains and through a three amino acids difference in the mouse Aβ sequence 

(Arg5Gly, Tyr10Phe and His13Arg) compared to humans [259-262]. Initial transgenic models 

overexpressing wild-type (WT) human APP increased the Aβ production in mice, however, 

they did not consist of extensive AD neuropathological features. On the other hand, 

overexpression of human APP containing mutations that are associated with early-onset 

familial AD (FAD) resulted in mice with plaque pathology and downstream AD-related 

features. In the past decades, a plethora of transgenic mice have been created, although the onset 

of their phenotypical features significantly depends on the mutation, the promotor sequence and 

the background strain used for the model [256]. Several characteristics of commonly used 

transgenic mice in AD research are summarized in Table 2.7.
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     Pathology 

Models Mutation Isoform Promotor 
Background 

strain Amyloid plaques CAA NFTs 
Neuronal 

degeneration Gliosis 
Cognitive 

deficits 
APP           

 
PDAPP APPInd 695 < 

751,770 
Human  
PDGF-β 

  

C57BL/6 
× 

DBA/2 

APP (10-fold) 
8M = Cx, Hip (diffuse and 

cored) 

>12M None At 18M none Astrogliosis and 
Microgliosis 

MWM: 4-6M 
CFC: 11M 

 

Tg2576 
 

APPSwe 695 Hamster  
PrP 

 

C57BL/6 
× 

SJL 

Aβ40 (5-fold) 
Aβ42/43 (14-fold) 

7-8 M = Cx (focal) 
11-13M = Cx, Hip and Cb 

(diffuse and cored) 

>12-14M 
 

None None >12M = 
Astrogliosis and 

Microgliosis 

MWM: 5-6M 
CFC: 5M 

 

APP23 
 

APPSwe 751 Murine  
Thy-1 

C57BL/6J APP (7-fold) 
6M = Cx and Sub 

12M = Cx, Hip, Thal and 
Amyg 

>12M 
 

None 12-14M =  
Neurons in 

CA1 region, no 
change in Cx 

Astrogliosis and 
Microgliosis 

MWM: 3M 

 

J20 
 

APPSwe, Ind 695 < 
751,770 

Human  
PDGF-β 

C57BL/6 
× 

DBA/2 

High levels of Aβ42 
5-7M = Hip (diffuse) 

10M = Hip, Cx 
 

>11M None 3M =  
Neurons in 

CA1 region, no 
change in CA3 

region 

Astrogliosis 
>3M = Hip 

Microgliosis 
>6M = Hip 

MWM: 3-4M 
CFC: 3M 

APP and PS1          

 

PSAPP 
 

APPSwe 

 
PSEN1Met146Leu 

695 Hamster  
PrP 

Human 
 PDGF-β 

Tg2576 
× 

C3H 

High levels of Aβ42. 
6M = Cx and Hip (fibrils) 
12M = Thal, Str and Brain 

stem (diffuse) 

18M None 22M =  
Neurons in Hip 

12-14M = 
Astrogliosis and 

Microgliosis 

MWM: 7M 
FC: 6M 

 
5xFAD 
 

APPLnd, Flo, Swe 
PSEN1Met146Leu and 

Leu286Val 

695 2x Murine 
Thy-1 

C57BL/6 
× 

SJL 

>2M = Sub, Cx 
Aging = Hip, OT, Thal and 

Brain stem 

At 3-6M 
= None 

None 9M =  
Neurons in Sub 

and Cx 

>2M = 
Astrogliosis and 

Microgliosis 

Y-maze: 4-5M 
BM: 6M  

CFC: 5-6M 
APP, PS1 and Tau          

 
3xTg 
 
 

APPSwe 

PSEN1Met146Val 

MAPTPro301Leu 

695 
 

4R 

Thy1.2 
mPS1 
Thy1.2 

129X1/SvJ 
× 

129S1/Sv 

6-12M = Cx and Hip 
(diffuse and compact) 

18M 12M = 
CA1 

region 
later Cx 

12M =  
Neurons in Cx 

7M = 
Astrogliosis and 

Microgliosis 

MWM: 6M 
CFC: 6M 

Table 2.7 – Commonly used transgenic models of AD. Abbreviations: Aβ = Amyloid β protein, Amyg = Amygdala, APP = Amyloid precursor protein, BM = Barnes maze, 

CAA = Cerebrovascular amyloid angiopathy, Cb = Cerebellum, CFC = Contextual fear conditioning, Cx = Cortex, Hip = Hippocampus, M = Months, MAPT = Microtubule-

associated protein tau, MWM = Morris water maze, OT = Olfactory tubercle, PDGF-β = Platelet-derived growth factor β-chain, PrP = Prion protein, PS1 = Presenilin 1, Thal = 

Thalamus, Thy-1 = Thymocyte differentiation antigen 1. Adapted from Esquerda-Canals et al., 2017 and Drummond et al., 2017 [256, 263].
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In 1995, the PDAPP mouse model was created in which APP was overexpressed (ten-fold) with 

the Indian mutation (Val717Phe) driven by the platelet-derived growth factor β-chain (PDGF-

β) promoter. These mice show amyloid plaques in the hippocampus and cortex, cerebrovascular 

amyloid angiopathy (CAA), gliosis, synaptic- and cognitive impairment [264]. It was among 

the earliest models that show amyloid clearance after immunotherapy [265]. Later on, a five-

fold overexpressing of APP with the Swedish double mutation (Lys670Asn and Met671Leu) 

driven by the prion protein (PrP) promotor emerged with the Tg2576 mice [266]. This model 

develops plaques in the hippocampus, cerebellum and frontal, temporal and entorhinal cortices, 

but presents CAA, gliosis, synaptic- and memory impairments as well. Thereafter, the APP23 

mice, also overexpressing the Swedish double mutation, quickly followed (Table 2.7) [267]. 

Although the APP23 model contains the same mutation as the Tg2576, it result in a unique 

phenotype due to the fact that a distinct APP isoform is expressed that is driven by another 

promotor (see 2.3.2.4). Furthermore, it was discovered that models expressing multiple FAD 

mutations obtained a more severe pathology at a younger age. This was observed in J20 mice, 

which overexpress the Indian and the Swedish double mutations of the APP gene, or in PSAPP 

mice that carry APP and PSEN1 mutations [268, 269]. The most ambitious mouse model is the 

5xFAD model in which the London (Val717Ile), Florida (Ile716Val) and Swedish double 

mutations of APP with two PSEN1 mutations (Met146Leu and Leu286Val) are expressed 

[270]. Nevertheless, all these models lack a widespread neurodegeneration, regional brain 

atrophy and NFTs formations (Table 2.7) [256]. 

NFTs do not develop in WT mice, likely due to low sequence homology of tau between mouse 

and human (88%) and whereas mice only express the 4R isoforms [256]. Importantly, the 

formation of NFTs is limited to transgenic tau mice that express human tau isoforms and are 

deficient in endogenous tau [271]. The most common tau models are overexpressing a mutated 

human 4R isoform (Pro301Leu or Pro301Ser) associated with FTD, and they do not represent 

what occurs in AD [272-275]. 

In addition, multiple AD-related genes have been introduced in mice. The 3xTg mouse model 

develops amyloid plaques and NFTs [276]. These major hallmarks are not present until at an 

advanced age and they are less obvious than what is typically observed in patients with AD. 

Nevertheless, the 3xTg mouse model is the most studied AD model since it is develops amyloid 

plaques in addition to tau pathology. The animals develop amyloid plaques at about 6 months 

in the hippocampus and cortex, with NFTs being formed at around 12 months in the 

hippocampal CA1 region and then in the cortex (Table 2.7) [256, 263].  
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More recent mouse models have been developed through humanizing mouse Aβ and knocking-

in specific FAD mutations. These types of transgenic models (e.g. 2xKI mice) are considered 

as more physiological as they avoid confounding effects by the overexpression of the human 

APP gene. Again, the timing of the pathology depends on the mutations and, similar as other 

transgenic mice, these still do not represent patients with sporadic AD [256, 263, 277]. 

A smaller number of transgenic rat models for AD have been developed over the years. Rats 

have several advantages over mice, as their physiology, morphology and genetics are more 

similar to humans, their larger brains makes electrophysiological recording, CSF collection and 

imaging easier and they have a more extended behavioral phenotype that allows more complex 

behavioral testing [260, 278]. The McGill-R-Thy-1-APP, TgF344-AD and PSAPP rats are all 

developing robust amyloid plaques, the latter also presenting NFT formations [279-281]. The 

rat models have some degree of cognitive impairment. However, their minimal use in research 

requires more characterization in the future [256, 260].  

Interventional models are induced by chemical, pharmacological agents or lesions. Many of 

these models involve the intracerebral stereotaxic-injection of Aβ peptide into rat brains. 

However, this does not directly resemble AD pathology and only induces some clinical signs. 

Other interventional models include scopolamine-induced amnesia, provoking inflammation 

with endotoxins or interference with brain metabolism [257]. Lesion models are induced 

through the chemical or physical destruction of specific brain areas, which are commonly 

involved in cholinergic neurotransmission (e.g. nucleus basalis) or cognition (e.g. 

hippocampus) [282]. In general, these models are useful in the identification of symptomatic 

treatments, rather than disease modifying therapies, unless the “intervention” represents an 

early-stage in the progression of AD [255, 257]. 

Finally, naturally occurring models of AD could resemble more accurately the features similar 

to those seen in patients with sporadic AD. Hence, spontaneous models have been examined in 

various species, including rodents [283]. The South American rodent Octodon degu, a 

caviomorpha, has a high sequence homology with human Aβ (~97.5%) and only a single amino 

acid substitution. At old ages, some studies observed that the Octodon degu exhibits intra- and 

extracellular amyloid plaques, intracellular NFT-like depositions, astrogliosis, synaptic 

changes and memory impairments which are correlated with higher level of Aβ oligomers. 

However, the literature is inconsistent as AD-related pathology is not always reported in these 

aged caviomorpha. In addition, breeding difficulties and their relatively long life-span limit its 

use as a model for AD [284, 285]. 
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2.3.2.4 APP23 model 

The APP23 transgenic mouse model, utilized in Chapter 4, harbors the human APP751 with the 

Swedish double mutation (Lys670Asn and Met671Leu), which is located adjacent to the β-

secretase cleavage site of APP. The double mutation has been reported in two early-onset AD 

families, elevating both the Aβ40 and Aβ42 levels and increasing the rate of fibrilization [286, 

287]. In the APP23 model, the transgene is overexpressed by a seven-fold at mRNA levels, 

driven by a neuron-specific murine thymocyte differentiation antigen 1 (Thy-1) promotor. The 

highest APP expression levels are found in the hippocampus and the neocortex, regions that are 

typically involved in AD pathology [267].  

At the age of 6 months, a scarce deposition of Aβ appears in the frontal cortex and subiculum 

of the APP23 brain. Eventually, the pathological hallmark of AD increases and spreads to brain 

regions as the neocortex and hippocampus in 24-month-old APP23 mice. Hyperphosphorylated 

tau proteins were detected in distorted neurites, surrounding the dense core amyloid plaques 

[267]. Yet, the APP23 model fails to develop NFTs, as all other single transgenic APP models. 

Nevertheless, the formation of dense core plaques correlates with significant neuronal loss in 

the hippocampal CA1 region, whereas only a qualitative loss or disruption of neurons was 

observed in cortical regions [288, 289]. The amyloid cores are less resistant to detergents and 

denaturing agents than those found in humans with AD [290]. In the proximity of the amyloid 

plaques, the transgenic mice have severe length reductions and network disruptions of their 

cholinergic fibers. The cholinergic system is initially affected in AD, where the nucleus basalis 

encounters extensive neuronal loss. Interestingly, those early-stage cholinergic deficits were 

confirmed by reduced activity levels of ChAT and AChE in the basal forebrain nuclei of the 

APP23 model [290-292].  

Furthermore, the APP23 model replicates cognitive function and behavior (e.g. hippocampal-

dependent learning impairment), as observed in AD patients [290]. The predictive validity of 

the APP23 model was confirmed by approved drugs for both cognition functions (e.g. 

donepezil) and aggressive behavior (risperidone) [293, 294]. In summary, the APP23 transgenic 

mouse line is a valuable tool to study the pathogenesis, behavior and therapeutic interventions 

in AD. 
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2.3.3 Parkinson’s disease 

In 1817, James Parkinson was the first who medically described the neurological disorder 

“paralysis agitans” through case sketches and by observing patients that had developed tremors, 

gait disturbances and slowness of movement. The initial description was expanded and refined 

by Jean-Martin Charcot, who suggested to refer to this disorder as “Parkinson’s disease”, and 

was further characterized by many others [295].  

With about 6.1 million people being diagnosed with PD worldwide, this is the second most 

common neurodegenerative disorder, after AD [296, 297]. The main clinical features observed 

in patients are motor control deficits, such as resting tremors, bradykinesia, and muscular 

rigidity, whereas postural instability, freezing of gait and falls occur as the disease progresses 

[298]. Furthermore, PD is associated with a broad range of non-motor features, such as mood 

alterations, autonomic disturbances, cognitive impairments, neuropsychiatric symptoms and 

sleep disorders [299]. Interestingly, several non-motor symptoms often precede clinical motor 

symptoms and may even start decades before diagnosis, such as constipation or hyposmia [300]. 

Dementia occurs in 83% of the PD patients who have had a 20-years disease duration [296]. 

The clinical diagnosis of PD is based on cardinal motor symptoms observed in patients, having 

a median onset of 60 years of age.  

Age is the greatest risk factor to develop PD, with a prevalence of around 0.5-1% for people of 

65-69 years of age, increasing to 1-3% for those over 80 years of age. This increase has 

important public health implications, as with an aging population and rising life expectancy 

worldwide, it is expected that the prevalence and incidence will rise with 30-50% by 2030 [296, 

298]. Nevertheless, there are cross-cultural variabilities, with a higher prevalence in North 

America, Europe and South America, when compared to Asian, Arabic and African nations 

[298]. PD is a multifactorial disorder, where the incidence is affected by both environmental 

and genetic factors. Moreover, a reduced incidence has been reported for cigarette smokers or 

coffee consumers, while exposure to pesticides and herbicides has been linked to an increased 

incidence. Most PD patients are of idiopathic origin, but 10-15% of the cases reported a family 

history, with 5% having a Mendelian inheritance [301]. At the moment, 23 genes have been 

identified that have been associated with the development of PD, which may be referred to as 

“PARK” genes. Mutations in autosomal dominant (e.g. SCNA or LRRK2) or autosomal 

recessive (e.g. PRKN or PINK1) genes have been linked to the development of PD, while others 

are rather considered as risk factors (e.g. PARK3) [298]. 
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2.3.3.1 Neuropathology 

The main pathophysiological hallmark of PD is the loss of dopaminergic-projection neurons 

within the SNpc, which leads to a reduction in striatal DA levels. The striatum serves as the 

main input to the basal ganglia, which regulates motor behavior. In addition, the basal ganglia 

also receive input from non-dopaminergic neurons, such as glutamatergic cortical neurons and 

local ChIs. The basal ganglia are located deep into the brain at the subcortical level, which 

consists of the striatum (caudate and putamen), globus pallidus internus (GPi), globus pallidus 

externus (GPe), SNpr, SNpc and the STN (Figure 2.10).  

In physiological conditions, the nigro-striatal pathway releases DA in the striatum to establish 

synapses with GABAergic MSNs, aspiny GABAergic interneurons and ChIs (Figure 2.10A). 

The GABAergic MSNs project to the GPi and SNpr via the direct or indirect pathway and 

represent more than 95% of the total striatal neurons. The direct (striato-nigral) pathway 

innervates the GPi are SNpc, whereas the indirect (striato-pallidal) pathway modulates the 

activity of the GPi inhibitory neurons through the GPe and STN. The MSNs of the direct 

pathway are referred to as D1R-MSNs and express substance P, dynorphin and D1R, while D2R-

MSNs refer to the neurons involved in the indirect pathway and contain enkephalin and D2R. 

Activating the D1R or D2R in the MSN subtypes results in an opposing effect via stimulation 

or inhibition of AC, respectively. Thus, DA activation of D1R-MSNs leads to the inhibition of 

the GPi/SNpr inhibitory GABAergic projections to the thalamus, where these glutamatergic 

neurons excite cortical motor regions. Conversely, the activation of D2R inhibits the 

GABAergic neurons of the indirect pathway, resulting in the disinhibition of GPe inhibitory 

GABAergic neurons projecting to the STN. These excitatory glutamatergic neurons of the STN 

have a decreased activity, leading to a reduced inhibitory drive of the GABAergic GPi/SNpr to 

the thalamic nuclei. The glutamatergic thalamic neurons project their axons towards cortical 

motor neurons, thus exerting and influencing movement control. The direct and indirect 

pathways initially have opposing actions, but result in the same net outcome [106, 302].  

Clinical symptoms of PD arise due to the denervation of the nigro-striatal pathway by a striatal 

DA reduction of 80% and a 50% loss of dopaminergic-projecting neurons in the SNpc. The 

decrease of striatal DA concentrations results in reduced thalamic output to the cortical motor 

areas (Figure 2.10B) and has been linked to the motor symptoms in PD, including the initiation 

and termination of movements, rigidity and gait impairments [106]. In postmortem brains of 

PD patients, the depigmentation in the brainstem is correlated with the death of these 

neuromelanin-containing neurons in the SNpc [303].  
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Figure 2.10 – Direct and indirect pathway of the basal ganglia in physiological condition and in Parkinson’s 

disease. (A) The D1R-MSNs of the direct pathway (red lines) and D2R-MSNs of the indirect pathway (blue lines) 

are activated or inhibited by the DA from the SNpc, respectively. The output of the SNpr and GPi projects to the 

thalamus, which sends efferents to the motor areas in the cortex. (B) In Parkinson’s disease, degeneration of the 

nigro-striatal pathway results in a reduction of extracellular DA concentrations in the striatum (caudate and 

putamen). The imbalance between the indirect and direct pathway activation results in the over-inhibition of the 

thalamic neurons projecting to the cortex. Source: Calabresi et al., 2014 [302]. 

Other brain regions in PD patients that suffer from cell loss are the locus coereleus, the nucleus 

basalis, the PPN, the raphe nuclei, the dorsal nuclei of the vagus, olfactory bulb and 

hypothalamus [304-306]. A wide variety of non-dopaminergic systems are affected, such as the 

cholinergic, GABAergic, glutamatergic, noradrenergic, serotonergic, histaminergic and 

adenosinergic systems [307]. The degeneration of these neurotransmitter systems may be 

responsible for some of the non-motor symptoms as observed in PD patients.  

Another important pathophysiological hallmark in PD is the formation of abnormal protein 

aggregates in cell bodies in affected brain regions, referred to as Lewy bodies (LBs), often 

accompanied by dystrophic neurites (Lewy neurites). The main components of LBs are 

abnormally phosphorylated filamentous α-synuclein and aggregates with other molecular 

components, such as tau, ubiquitin, parkin, heat shock proteins, amongst others [308]. The 

aggregation of α-synuclein plays a role in the pathogenesis of PD, although also other processes 

as abnormal protein clearance, mitochondrial dysfunction and inflammation have been implied 

in the onset and progression of PD. The precise mechanism resulting in neurodegeneration 

remains incompletely understood [298].  
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2.3.3.2 Pharmacological therapeutics 

In July 1961, eight months after Oleh Hornykiewicz and his collaborators reported a severe 

striatal DA deficiency in PD, several patients were injected with the DA precursor L-DOPA for 

the first time. The results were revolutionary and the observations made have been referred to 

as “the DA miracle”. For instance, bed-ridden patients who were unable to sit upright, patients 

who, if standing, could not start walking or patients who could not stand up when seated, were 

able to walk or even run and jump for short periods of time after L-DOPA administration [309, 

310]. Up until this day, L-DOPA is the most effective drug for the symptomatic treatment of 

PD (Table 2.8). 

In contrast to DA, L-DOPA is able to cross the BBB and is converted by AADC to DA (see 

2.2.3). Frequently, L-DOPA is administrated adjunctive with carbidopa or benserazide. These 

are AADC inhibitors, which do not cross the BBB, and are used to reduce peripheral L-DOPA 

adverse effects. Nevertheless, after 3-5 years of chronic L-DOPA treatment, almost half of the 

patients develop severe motor complications, such as dyskinesia and on-off motor fluctuations. 

L-DOPA-induced dyskinesias (LIDs) are involuntary choreiform or dystonic movements, 

which develop at maximum concentrations of L-DOPA (peak-dose dyskinesia) or are the 

involuntary twisting hyperkinetic movements that may occur at the beginning or the end of its 

dose (diphasic dyskinesia). Motor fluctuations refer to motor alterations in patients that have a 

relatively good motor control (on-time) or severe PD motor features (off-time) due to L-DOPA. 

The severe adverse effects could be counteracted by fractionating the dose, using minimum 

effective doses and adjunctive alternative medical management [119, 296]. 

Nowadays, DA agonists are often prescribed as initial therapy in early-onset patients or as an 

adjunctive to L-DOPA treatment in advanced stages of PD, to delay or retard the development 

of motor complications, respectively. These drugs do not need carrier-mediated transport to 

cross the BBB, circumvent presynaptic synthesis, do not produce toxic metabolites or free 

radicals and usually have long half-lives [311]. Most of the DA agonists modulate the D2R, 

whose postsynaptic activity is related to antiparkinsonian effects and whose activation at 

presynaptic levels is claimed to be neuroprotective. DA agonists are categorized in ergoline- 

and nonergoline-derived agonists (Table 2.8), based on their chemical structural formula. The 

egoline-derived agonists (e.g. bromocriptine and pergolide) tend to produce critical adverse 

effects, such as fibrotic valvular heart disease due to the activation of 5-HT2B receptors at the 

cardiac valves, or via “dirty” interactions with adrenergic receptors [312]. Therefore, patients 

should be monitored by echography before and during therapy with these DA agonists. 
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However, pergolide was already discontinued in the USA since 2007. Later developed 

nonergoline-derived agonists (e.g. ropinirole and pramipexole) may provide benefits without 

the adverse effects of the ergolines, but are still associated with adverse effects, such as 

somnolence, nausea, orthostatic hypotension, vomiting, peripheral edema and dizziness. At 

higher concentrations, these agonists may even induce confusion or psychosis. These adverse 

effects may be due to the dual affinities of the agonists to D1R, D3R and other receptors in the 

brain. Moreover, chronic DA agonist treatments increase the risk of impulse compulsive 

disorder (ICD) with approximately 20%, with a cumulative risk of around 40% over 5 years. 

ICD includes behaviors as compulsive buying, gambling, binge eating, sexual behaviors and 

presumably leads to psychosocial and financial consequences [119, 128, 313].  

Drug class Comments 
L-DOPA  

 L-DOPA + Carbidopa Most potent antiparkinsonian effect, where the maximal therapeutic dose is 
normally tolerable with slow titration. Gastrointestinal tract and peripheral 
cardiovascular adverse effects are reduced via the inhibition of peripheral DOPA 
decarboxylase. L-DOPA is only absorbed from the small intestine and frequent 
dosing is necessary with advanced disease stage and delayed gastric emptying, 
which otherwise may result in unpredictable motor fluctuations.  

 L-DOPA + Benserazide 

Dopamine agonists  
 Pramipexole Initiating the therapy with dopamine agonist will result in approximately 35% risk 

of developing dyskinesias vs. a 50% risk when the therapy is initiated with L-
DOPA after 3-5 years. Pramipexole has even some antidepressant benefits. Risk 
of adverse effects of impulse control disorder reaches 50% over 5 years. In 
addition, excessive daytime somnolence may cause motor vehicle accidents due 
to sleep attacks. 

 Rotigotine 
 Ropinirole 

 Bromocriptine 
Cabergoline 

The efficacies of these ergoline-derived dopamine agonists are similar to those of 
the non-ergoline-derived. Nevertheless, the additional risks of cardiac valvular, 
pleuropulmonary and retroperitoneal fibrosis may be difficult to diagnose and 
needs regular monitoring of the patient. These adverse effects have led to caution 
and ergoline-derived therapeutics are rarely used 

  

MAO-B inhibitors  
 Selegiline These inhibitors have mild to moderate symptomatic benefits with sometimes a 

possibility to be used as a monotherapy in mildly affected patients for a while. 
Rasagiline may possibly have a small disease-modifying effect. 

 Rasagiline 

COMT inhibitors  
 Entacapone Predominantly used to extend the on-time of L-DOPA if used ≥3 times daily, 

which may result in a slight reduction of L-DOPA dose when switching from L-
DOPA alone.  

Anticholinergics  
 Trihexyphenidyl Anticholinergics do not treat akinesia. Sporadically used to control tremors, which 

are unresponsive dopaminergic therapy at desired doses, but the therapy could 
have severe adverse effects with concerns about long-term risks for cognitive 
impairments.  

 Benztropine 

Others  
 Amantadine Preferentially useful as add-on therapy in later disease for treatment of 

dyskinesias. Nevertheless, could be used in an early-stage of the disease as an 
alternative for mild antiparkinsonian effects 

Table 2.8 – Pharmacological therapeutic options in the early-stage of Parkinson’s disease. Abbreviations: L-

DOPA = L-3,4-dioxyphenylalanine, MAO-B = Monoamine oxidase B, COMT = Catechol-O-methyltransferase. 

Adapted from Hayes et al., 2019 [299]. 
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MAO-B is involved in the catabolism of DA (see 2.2.3). The MAO-B inhibitors (e.g. selegiline 

or rasagiline) can be used in PD patients as initial treatment or adjunct to L-DOPA treatment. 

In general, these inhibitors are well tolerated, but gastrointestinal adverse effects are a common 

problem. In addition, inhibitors of COMT also reduce DA degeneration by preserving 

endogenous levels. The COMT inhibitors (e.g. tolcapone, entacapone or opicapone) are mostly 

not prescribed as a monotherapy, but used as adjuncts to L-DOPA instead (Table 2.8) [119].  

Anticholinergics (e.g. benztropine and trihexyphenidyl) are drugs that do not act via 

dopaminergic mechanisms, but antagonize mAChRs. The striatal imbalance between ACh and 

DA may be restored and maintained by the anticholinergics. These drugs were the first widely 

accepted drugs in PD treatment. Nowadays, they are prescribed particularly in tremor-

predominant PD to treat and offer benefits in improving tremors and rigidity. In the early-stages 

of PD, anticholinergics may be used as monotherapy or in adjunction with L-DOPA. In patients 

with cognitive problems or in the elderly, the use of anticholinergics is avoided, due to an 

increased risk of adverse effects such as neuropsychiatric or cognitive impairments [119, 313]. 

The antiparkinsonian effects of amantadine are not well-understood. It has been suggested to 

act as a weak glutamate antagonist at the NMDAR, enhancing the release and reuptake of DA 

and may have mild anticholinergic properties. Amantadine is used to treat tremors, rigidity and 

fatigue, although there is insufficient evidence in controlling these symptoms [119, 313].  

2.3.3.3 Rodent models of Parkinson’s disease 

The ideal models for PD should have a high degree of similarities with the pathogenesis 

(construct validity), symptoms (face validity), biochemistry and pathology to the disorder. 

Moreover, it is desirable that the model could identify novel clinically effective agents 

(predictive validity). In the past decades, a plethora of experimental rodent models for PD have 

been developed, the majority being based on pharmacology, neurotoxins and genetics. All these 

models have played a crucial role in understanding the pathogenic processes involved in the 

neuronal loss, the production of novel pharmacological therapies and the development of new 

treatment regimens in PD [314-316]. 

Pharmacological models were instrumental in first demonstrating the therapeutic efficacy of L-

DOPA, which still remains the gold-standard in PD therapy (see 2.3.3.2) [317]. The administra-

tion of reserpine (see 2.3.3.4) or haloperidol (i.e. D2-class receptor antagonist) to rodents gives 

rise to a transient parkinsonian-like state. The haloperidol-induced model weakly mimics the 

biochemistry and lacks the pathological characteristics of PD. However, multiple drugs that are 
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clinically available have proven its predictive validity [314]. The treatment of animals with 

haloperidol (0.5-5.0 mg/kg) blocks their striatal dopaminergic neurotransmission system, resul-

ting in the manifestation of rigidity and catalepsy within an hour [318]. Although rigidity is a 

common clinical feature of PD (see 2.3.3), catalepsy is not directly associated with the disorder. 

Catalepsy is defined as “the inability of the animal to correct itself from an abnormally imposed 

posture” [314]. However, the cataleptic state overlaps with the inability of PD patients to initiate 

movements, providing it a meaningful feature and being commonly measured in rodents 

through the horizontal bar test, which was also performed in this thesis (Chapter 6) [319, 320].  

Neurotoxic models are based on the degeneration of dopaminergic neurons through local or 

systemic injections of a toxin. The administration of the hydroxylated analogue of DA, 6-

hydroxydopamine (6-OHDA), was first reported to induce nigro-striatal dopaminergic neuronal 

lesions in rats [321]. Nevertheless, the 6-OHDA mouse model has been established as well 

[322]. This hydrophilic neurotoxin does not cross the BBB and has to be directly injected into 

the brain. Unilateral injections are preferred as bilateral injections often cause aphagia, adipsia, 

seizures and high mortality. Furthermore, the hemiparkinsonian model allows to use the non-

lesioned ipsilateral limbs as an internal control in test batteries, whereas this model allows to 

assess LID as well [316]. Depending on the desired lesion rate, 6-OHDA can be administered 

into (i) the medial forebrain bundle (MFB), (ii) the SNpc or (iii) the striatum [314]. Injecting 

high concentrations of 6-OHDA injections (8 µg) into the MFB and SNpc cause dopaminergic 

neuronal death within twenty-four hours and a striatal dopamine loss of 90% within days (i.e. 

full lesion) [323]. In contrast, the intra-striatal injection of 6-OHDA (20-28 µg) causes variable 

retrograde neuronal degeneration over a period of 1-3 weeks (i.e. partial lesion) [324]. 

Following its injection, the neurotoxin enters dopaminergic and noradrenergic neurons, given 

its high affinity for DATs and NATs, respectively (Figure 2.11) [325]. Pretreatment of animals 

with noradrenergic reuptake inhibitors (e.g. desipramine) improves the specificity for 

dopaminergic neurons [326]. The precise neurotoxicity of 6-OHDA is poorly understood, 

although it generates mitochondrial respiratory dysfunction and reactive oxygen species (ROS) 

that initiate neuronal degeneration [316]. The 6-OHDA model closely resembles biochemical 

features of PD (i.e. altered levels of DA and TH), but lacks Lewy body pathology [314].  

Another classical neurotoxic model of PD is the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP)-mouse model, while rats have proven to be resistant [327]. MPTP has the major 

advantage that it crosses the BBB due to its lipophilic nature, thus allowing systemic 

administration regimens [315]. Once inside the brain, MPTP is taken up by glial cells and 
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serotonergic neurons, where it is converted through MAO-B to 1-methyl-4-phenyl-2,3-

dihydropyridium (MPDP+), followed by spontaneous oxidation to the neurotoxic moiety, 1-

methyl-4-phenylpyridium (MPP+) [328]. Subsequently, the neurotoxin is selectively 

transferred in dopaminergic neurons through DATs (Figure 2.11). Inside these neurons, MPP+ 

accumulates and blocks mitochondrial complex I, which impairs the electrons along the 

respiratory transport chain, leading to a reduction of ATP and elevated levels of ROS, which 

eventually causes cell death and inflammation [316]. Interestingly, probenecid has shown to 

increase MPTP-induced neuronal loss through the inhibition of MPTP renal excretions [329]. 

Mice are most commonly treated with MPTP by an acute dose (4 x 20 mg/kg every two hours). 

Despite the presentation of significant dopaminergic neuronal loss, these mice lack α-synuclein 

aggregates and their motor deficits are reversed within days [330]. In contrast, severe 

dopaminergic neuronal loss, increasing α-synuclein levels and number of astrocytes in the 

striatum were observed in MPTP-treated mice with a prolonged regiment (30 mg/kg for five 

executive days), although they did not show visible motor deficits [331].  

Toxins used to model PD include the insecticide rotenone or the herbicide paraquat with or 

without the fungicide maneb (Figure 2.11). The correlation between the use of chemicals in 

populations and increased PD risks are difficult to infer due to a lack of exposure information. 

While the use of pesticide models in drug discovery programs has been limited, they could 

provide a better understanding in the environmental causes of PD [314, 316]. 

 

Figure 2.11 – Molecular events in the dopaminergic (left), noradrenergic (center) and serotonergic (right) 

neurons after treatment with a (neurotoxic) drug to model Parkinson’s disease. MPTP is converted by 

microglia to MPP+, which is taken up via DATs by dopaminergic neurons. The pesticides (rotenone and paraquat) 

are captured by DATs as well. 6-OHDA is a neurotoxin that acts equally on dopaminergic and noradrenergic 

neurons, entering in these neurons via DATs and NATs, respectively. Reserpine inhibits the VMAT2, inducing a 

loss of monoamine storage capacity in synaptic vesicles, acting on dopaminergic, noradrenergic and serotonergic 

neurons. Adapted from Leal et al., 2016 [332]. 
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Multiple genes have been associated with familial PD that can be inherited through autosomal 

dominant or autosomal recessive mutations with variable penetrance (see 2.3.3). Several genes 

that are known to have a causative role in PD have been targeted for the generation of genetic 

models (Table 2.9) [315].  

SNCA, so called PARK1, was the first gene linked to familial PD. It encodes α-synuclein, which 

was shown to be aggregated in Lewy bodies [333, 334]. Up to this point, three fully penetrant 

autosomal dominant mutations have been discovered (i.e.	Ala30Pro, Ala50Thr, Glu46Lys) 

[335, 336]. Genetic models carrying these mutations show a reduction in striatal DA and a 

deposition of inclusion bodies. However, these mutant mice have failed to show significant 

neuronal degeneration or parkinsonian motor deficits [337]. The duplication and triplication of 

SNCA (i.e. PARK4) elevates the WT α-synuclein levels, resulting in Lewy body pathology and 

PD [338, 339]. Overexpression was accomplished via gene targeting techniques of the human 

α-synuclein driven by the Thy-1 promotor. These rodents are suggested as useful models of the 

early-stages of PD, as overexpression affects both the development and maintenance of 

dopaminergic neurons [340]. In addition, injection of α-synuclein (i.e. WT or mutant) through 

the administration of viral vectors (e.g. adeno-associated virus) or exogenous proteins (e.g. α-

synuclein preformed fibrils) has been shown to induce a loss of dopaminergic neurons, causing 

motor deficits in rodents as well [341-344]. In 2004, mutations in the LRRK2 gene were 

identified as another cause of autosomal dominant familial PD [345]. Although most genetic 

models failed to represent hallmarks of PD, LRRK2 KO mice demonstrated abnormal 

aggregation and accumulation of α-synuclein, but without nigro-striatal degeneration [315, 

316]. The contribution of the UCH-L1 gene to PD has been under debate, as its mutation has 

been rarely observed in PD patients. However, mice with mutated UCH-L1 display striatal DA 

depletion, dopaminergic neuronal loss and a reduction in locomotor activity [346, 347].  

Locus Gene Mutation Protein Inheritance 
PARK1 SNCA Ala30Pro, Ala50Thr, Glu46Lys α-synuclein Dominant 
PARK2 PRKN Various mutations, exonic deletions, 

duplication and triplication 
Parkin Recessive 

PARK4 SNCA Duplication and triplication α-synuclein Dominant 
PARK5 UCH-L1 Ile93Met and Ser18Tyr UCH-L1 Dominant 
PARK6 PINK1 Gly309Asp, exonic deletions PINK1 Recessive 
PARK7 DJ-1 Homozygous exon deletion, Leu166Pro DJ-1 Recessive 
PARK8 LRRK2 Gly2019Ser, Arg1441Cys/Gly,  

and other 
Dardarin Dominant 

Table 2.9 – Summary of familial PD mutations that have been replicated in animal models. Abbreviations: 

SNCA = α-synuclein, PRKN = Parkin, UCH-L1 = Ubiquitin carboxyl-terminal hydrolase isozyme L1, PINK1 = 

Serine/threonine-protein kinase PINK1, DJ-1 = Protein/nucleic acid deglycase DJ-1, LRRK2 = Leucine-rich repeat 

kinase-2. Adapted from Konnova et al., 2018 [316]. 
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Mutations of the autosomal recessive genes of PRKN (Parkin), DJ-1 and PINK1 have shown a 

loss-of-function, which led to the generation of their KO models [316]. Parkin is an integral 

ligase in the ubiquitin proteasome system and it is the most commonly mutated gene in early-

onset PD. The second genetic cause in early-onset PD is PINK1, which encodes for a 

mitochondrial kinase [315, 316]. This kinase recruits Parkin from the cytosol to the 

mitochondria and increases its ubiquitination activity. In addition, the gene DJ-1 is a chaperone 

that plays a role in the inhibition of α-synuclein aggregation [315]. Despite their causative roles 

in the familial form of PD, none of the KO models for each of these genes resulted in 

dopaminergic neuronal loss or motor deficits [336]. 

2.3.3.4 Reserpine model 

Reserpine is an alkaloid extract derived from the Rauwolfia serpentine and has been used for 

one of the earliest animal models of PD, also applied in this thesis (Chapter 6). In 1959, the 

efficacy of L-DOPA treatment was for the first time demonstrated by the alleviation of 

reserpine-induced akinesia in rodents [317]. Furthermore, this model has been useful to 

elucidate our understanding of dopaminergic transmission by linking the effect of monoamine 

depletion with parkinsonian symptoms [314, 348].  

Rodents are administered reserpine doses of 1-10 mg/kg to induce this model of PD. Reserpine 

blocks the VMAT2, which leads to the loss of storage capacity and depletion of monoamines, 

including DA, NA and 5-HT (Figure 2.11). In the 1980s, the lack of selectivity for DA was 

considered as a weakness, leading to a reduced use of this model. Nevertheless, it mimics the 

neurochemical and pharmacological alterations, as observed in PD patients, in which the 

noradrenergic and serotonergic systems are affected as well [306, 332]. Motor impairments are 

preceded by non-motor PD symptoms in this model, reinforcing its face validity [348]. 

Reserpine produces a dopaminergic deficit of 85% in the SNpc and a more than 95% loss of 

striatal DA levels in two hours. However, striatal DA depletion persists (>95%) by twenty-four 

hours post injection, whereas the dopaminergic deficit restores in the SNpc (~30%) [349]. 

Reserpine may be co-administered with α-methyl-p-tyrosine (AMPT), which inhibits the 

synthesis of DA and NA [314, 350]. Despite the lack of construct validity, this model shows 

remarkable features of motor impairment (i.e. face validity), which remain fully akinetic for 

around-the-clock. After more than twenty-four hours, striatal DA levels will be replenished and 

behavior starts to return to basal levels. This model is predominantly used to monitor the 

reversal of akinesia or rigidity following acute drug administrations, whereas monitoring with 

repeated drug schedules is undesirable [314]. The major disadvantages of this model are the 
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lack of neuronal degeneration and protein aggregation. Nevertheless, reserpine-treated rodents 

have been successfully applied to predict the efficacy of many dopaminergic and non-

dopaminergic drugs, which are clinically in use for PD management (Table 2.10). The high 

predictive validity of this model results in the maintenance of its position as a valid choice to 

discover novel therapeutics in an early preclinical stage [314]. Other advantages are its low 

toxicity, low cost and its reproducibility among laboratories. [348].  

Treatment Rigidity Hypokinesia Catalepsy Tremor 
Oral 

Dyskinesia 
L-DOPA      

 L-DOPA ± Carbidopa + + + + – 
Dopamine agonists      

 Apomorphine + + + – – 
 Pramipexole – + + – – 
 Rotigotine – – – – – 
 Ropinirole – – + – – 
 Bromocriptine + + + – – 
 Cabergoline + + + – – 
 Pergolide + + + + – 

MAO-B inhibitors      
 Selegiline – + – – – 
 Rasagiline + + – – + 

COMT inhibitors      
 Entacapone – – – – – 
 Tolcapone – – – – – 

Anticholinergics      
 Trihexyphenidyl + – – – – 
 Benztropine + – – – – 
 Orphenadrine – – – – – 
 Procyclidine – – – – – 

Others      
 Amantadine + + – + – 

Table 2.10 – Predictive validity of the reserpine model effectiveness for symptomatic treatment of different 

motor impairments in Parkinson’s disease. – = not tested. Abbreviations: L-DOPA = L-3,4-

dihydroxyphenylalanine, MAO-B = Monoamine oxidase B, COMT = Catechol-O-methyltransferase. Adapted 

from Duty et al., 2011 and Leão et al., 2015 [314, 348]. 
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Abstract 

In gene expression studies via RT-qPCR many conclusions are inferred by using reference 

genes. However, it is generally known that also reference genes could be differentially 

expressed between various tissue types, experimental conditions and animal models. An 

increasing amount of studies have been performed to validate the stability of reference genes. 

In this study, two rodent-specific Short Interspersed Nuclear Elements (SINEs), which are 

located throughout the transcriptome, were validated and assessed against nine reference genes 

in a model of temporal lobe epilepsy (TLE). Two different brain regions (i.e. hippocampus and 

cortex) and two different disease stages (i.e. acute phase and chronic phase) of the systemic 

kainic acid rat model for TLE were analyzed by performing expression analyses with the 

geNorm and NormFinder algorithms. Finally, we performed a rank aggregation analysis and 

validated the reference genes and the rodent-specific SINEs (i.e. B elements) individually via 

Gfap gene expression. 

GeNorm ranked Hprt1, Pgk1 and Ywhaz as the most stable genes in the acute phase, while Gusb 

and B2m were ranked as the most unstable, being significantly upregulated. The two B elements 

were ranked as most stable for both brain regions in the chronic phase by geNorm. In contrast, 

NormFinder ranked the B1 element only once as second best in cortical tissue for the chronic 

phase. Interestingly, using only one of the two algorithms would have led to skewed 

conclusions. Finally, the rank aggregation method indicated the use of the B1 element as the 

best option to normalize target genes, independent of the disease progression and brain region. 

This result was supported by the expression profile of Gfap. 

In this study, we demonstrate the potential of implementing SINEs -notably the B1 element- as 

a stable normalization factor in a rodent model of TLE, independent of brain region or disease 

progression. 

 

 

 

 

 

 



Chapter 3: The validation of SINEs as a RT-qPCR normalization strategy in a rat model for TLE 

	
84 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3: The validation of SINEs as a RT-qPCR normalization strategy in a rat model for TLE 

	
85 

3.1 Introduction 

The reverse transcription quantitative polymerase chain reaction (RT-qPCR) is considered as 

the most sensitive, reliable and accurate technique to analyze differential gene expression at the 

messenger RNA (mRNA) level [1, 2]. Nevertheless, performing the experimental procedures 

will introduce a variety of potential errors, amongst which pipetting errors, starting material 

quality variations, differences in mRNA extractions, errors in sample quantifications, altered 

reverse transcription efficiencies and cDNA sample loading differences [3]. In order to correct 

for these variations, a normalization strategy is required (e.g. starting with similar amounts of 

cells or input mRNA). The most popular strategy is to use one or multiple endogenously 

expressed control genes (i.e. reference genes), such as ribosomal RNAs (rRNA) or mRNAs [4]. 

Ideally, a reference gene should be abundantly expressed, not co-regulated with the target gene 

and have a similar expression across all samples [5]. Many RT-qPCR studies implement 

reference genes that are related to structural or basic processes (e.g. Actb or Gapdh). However, 

several reference genes have been shown to be differentially expressed between samples, cell 

types and experimental conditions [6-8]. In recent years, an increasing amount of studies have 

validated and assessed the stability of those genes in specific pathological models [9-11]. A 

reference gene in one animal model may be differentially expressed, while the same gene will 

be stably expressed in another model of the same pathology. Also, the reference gene 

expression in different tissues of the same model may vary [12-14]. 

Several research groups reported a new normalization strategy with Expressed Alu Repeats 

(EARs) and Expressed Repeat Elements (EREs) as internal control genes, in Homo sapiens and 

Danio rerio, respectively [15-18]. Those studies proposed to use these repeat elements, which 

are located throughout the transcriptome, as a normalization factor in RT-qPCR analysis. The 

EARs or EREs would be less influenced by the up- or downregulation of one or more 

transcripts, which would make the normalization process more reliable over various 

experimental conditions, compared to the use of a single reference gene. This would reduce the 

workload and cost in reference gene validation and avoid the loss of valuable biological 

materials [15-18]. 

The rodent genome (e.g. from Rattus norvegicus) does not contain Alu repeats, but B1, B2, ID 

and B4 elements (i.e. Alu-like elements) instead, which belong to the class of Short Interspersed 

Nuclear Elements (SINEs) [19]. The Alu repeats and the B1 elements share their origin from 

an initial duplication of the 7SL RNA before the primate-rodent split, 80 million years ago. 
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These two sequences have been amplified and duplicated independently with accumulating 

mutations and have little resemblance to each other or to the original 7SL RNA. The 7SL RNA-

derived SINEs are unique in the genomes of primates, rodents and tree-shrews [20-23]. The B2 

element is rodent-specific and has a tRNA-like region with an unknown affiliation, combined 

with a unique 120 bp sequence. A neuronally expressed BC1 gene is believed to be the origin 

of the ID elements [24]. In contrast, the B4 element resembles a fusion of a B1 and an ID 

element. The B elements, as well as the Alu repeats, are dispersed throughout the transcriptome, 

with the highest density in the intronic regions and at 16 kb upstream to the start position of 

specific protein-coding transcripts. In contrast, they are under-represented in exonic regions 

[25-27]. 

Previous RT-qPCR studies tried to obtain a better understanding of the molecular mechanisms 

of epilepsy, without or with a limited reference gene validation study [28-31]. In the present 

study, we have evaluated the stability of nine well-accepted reference genes and two SINEs 

(B1 and B2 elements) in the systemic kainic acid (KA) post status epilepticus (SE) rat model 

of temporal lobe epilepsy (TLE). The expression stability of the transcripts was determined in 

the hippocampus and the cortex during the acute phase (day 10 post-SE) and chronic phase (day 

80 and 120 post-SE) of disease progression (i.e. epileptogenesis). The RT-qPCR results were 

analyzed with geNorm [32], NormFinder [33] and rank aggregation [34] algorithms. As a 

validation strategy, normalization using the geNorm and NormFinder results was compared to 

normalization using the B elements or every single reference gene in the context of evaluation 

of the relative expression of glial fibrillary acidic protein (Gfap) mRNA. To our knowledge, 

this is the first large-scale RT-qPCR study which validated the robustness of B elements in a 

rodent model. 

3.2 Materials and methods 

3.2.1 Animals 

Male Sprague-Dawley rats (Harlan Laboratories B.V., the Netherlands) weighing 242.6 ± 15.1g 

(9 weeks) were treated according to the guidelines of the European Communities Council 

Directive (2010/63/EU). The Animal Experimental Ethical Committee of Ghent University 

Hospital (ECD 16/06) approved the study protocol. The animals were conventionally housed 

in a temperature-controlled (20-23°C) and humidity-controlled (50%) environment under a 

12h/12h light/dark cycle, where food and water intake was ad libitum. 
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The rats were randomly distributed for KA administration (n=19) and controls (n=12). In order 

to induce SE, rats received 2-6 times KA (5 mg/kg; Tocris Bioscience, Bristol, UK) by 

intraperitoneal (i.p.) injections according to the protocol of Hellier et al., 1998. Seizure activity 

of all rats was continuously monitored visually. The KA treatment was repeated hourly until 

the animals displayed a stable self-sustained SE for ≥3 hours (i.e., >10 behavioral seizures per 

hour). Animals that exhibited excessive motor or excessive lethargic behavior were no longer 

injected with KA to avoid mortality [35, 36]. The rats treated with KA were sampled after 10 

(T10, n=6), 80 (T80, n=7) or 120 days (T120, n=6). The control rats were treated with vehicle 

(saline, i.p.) and were sampled after 10 (acute phase control, n=6) or 120 days (chronic phase 

control, n=6). The animals were anesthetized via 5% isoflurane (Affygility Solutions, 

Broomfield, CO, USA) followed by decapitation and hippocampi and cortices were dissected 

on an ice-cold plate, the left and right parts were stored separately at -80°C until RNA isolation. 

3.2.2 RNA extraction and cDNA synthesis 

Total RNA was isolated from left hippocampi and cortices with the RNeasy® Plus Universal 

Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. The 

absorbance at 230 nm, 260 nm, 280 nm and total RNA concentration were measured with the 

NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). The 

260/280 nm ratio was used as RNA purity measure and all samples had values over 2.0. The 

integrity of the RNA was assessed by the analysis of the ratio of 28S to 18S rRNAs after agarose 

gel electrophoresis. Total RNA samples (15 µg) were treated with the Heat&Run gDNA 

removal kit (ArticZymes, Tromsø, Norway) to avoid contamination of genomic DNA during 

the reverse transcription. 

The concentrations and purities were verified again, as described above. Only 1.5 µg of the total 

RNA was converted to cDNA using Oligo(dT)18 primers (Cell Signaling, Danvers, MA, USA) 

and M-MLV Reverse Transcriptase (Promega, Madison, WI, USA), according to the 

manufacturer’s protocol. The absence of DNA contamination was controlled for each 

individual sample by omitting the reverse transcriptase (RT) from the procedure (i.e. minus RT 

samples). The minus RT and the plus RT samples of the control and the KA-treated samples of 

a similar disease progression stage (i.e. acute or chronic phase) were reverse transcribed 

simultaneously. After 1:20 dilution of the samples, a 10 µl fraction of every cDNA was pooled 

together in order to determine the PCR efficiency for every primer set. All samples were stored 

at -80°C until further analysis. 
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3.2.3 Primer design and real-time PCR 

Nine commonly used reference genes were chosen based on their differences in cellular or 

signaling pathways (Table 3.1). The primers for the nine reference genes and Gfap were found 

in literature [9, 14]. The primers for the B1 and B2 elements were designed based on the 

available consensus sequences [20, 37]. The optimal primers were chosen from the regions with 

the highest consensus sequences and specificity was controlled in silico through the UCSC 

genome browser (Santa Cruz, CA, USA). All primers were synthesized by Sigma Aldrich (St. 

Louis, MO, USA). 

Symbol Gene name Function 
Actb Actin beta Cytoskeletal structural protein 
B1 element B1 short interspersed nuclear 

element 
Wide-spread class or repeat element through the mammalian 
genome and descended from 7SL RNA 

B2 element B2 short interspersed nuclear 
element 

Wide-spread class or repeat element through the mammalian 
genome with a tRNA-like region followed by a unique 120 bp 
region 

B2m Beta-2-microglobulin Beta-chain of major histocompatibility complex class I 
molecules 

Gapdh Glyceraldehyde-3-phosphate 
dehydrogenase 

Glycolytic enzyme 

Gusb Glucuronidase beta Hydrolyzes and degrades glycosaminoglycans 
Hprt1 Hypoxanthine guanine 

phosphoribosyl transferase 1 
Purine synthesis in salvage pathway 

Pgk1 Phosphoglycerate kinase I Glycolytic enzyme 
Rpl13a Ribosomal protein L13A Structural component of the large 60S ribosomal subunit 
Tbp TATA box binding protein General RNA polymerase II transcription factor 
Ywhaz Tyrosine 3-

monooxygenase/tryptophan 5-
monooxygenase activation 
protein, zeta polypeptide 

Signal transduction by binding to phosphorylated serine 
residues on a variety of signaling molecules 

Table 3.1 – Name and function of genes and short interspersed nuclear elements. 

Real-time PCRs were performed in white 96-well plates using the LightCycler 480 Instrument 

(Roche Diagnostics, Mannheim, Germany). In a reaction volume of 15 µl, 5 µl of the 

synthesized cDNA sample was pipetted. Thereby, the synthesized cDNA was diluted 1:40 for 

the reference genes and Gfap and 1:800 for the B elements, to 3.75 ng and 0.019 ng of total 

cDNA respectively. The primer concentrations were 250 nM. Finally, 7.5 µl iQ SYBR Green 

Supermix (Bio-Rad Laboratories, Hercules, CA, USA) and 1.75 µl DEPC H2O was added to 

the reaction volume. The two-step amplification protocol of the real-time PCRs was as follows: 

initial denaturation at 95°C for 5 minutes and 40 cycles of 95°C for 15 seconds and 60°C for 

45 seconds. A light signal was acquired at the end of each cycle at 60°C. The specificity of 

product formation was confirmed by a melting curve analysis (55°C to 95°C in increments of 

0.11°C/s). The Cq values were determined in technical triplicates with the LightCycler software 
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v1.1.5 (Roche Applied Science, Mannheim, Germany) according to the second derivative 

method.  

The PCR efficiencies were determined by technical duplications of a three- or five-point serial 

dilution of pooled cDNA, B elements or reference genes respectively. All the PCR efficiencies 

of the primer sets were between 90 and 110% (Table 3.2), demonstrating the robustness and 

reproducibility of the performed RT-qPCR assay. 

Symbol 5’-3’ sequence Reference 
Amplicon 

Length (bp) 
PCR 

efficiency (%) 

Actb AGCCTTCCTTCCTGGGTATG 
GAGGTCTTTACGGATGTCAAC NM_031144.2 92 91.1 

B1 Element ACGCCTTTAATCCCAGCACTC 
GAACTCACTCTGTAGACCAGGCTG 

Veniaminove 
et al., 2007 81-83 98.9 

B2 Element CCACATGGTGGCTCACAAC 
CCAGAAGAGGGCATCAGATC 

Dunnen et al., 
1987 51-64 98.7 

B2m CGAGACCGATGTATATGCTTGC 
GTCCAGATGATTCAGAGCTCCA NM_012512 118 92.5 

Gapdh CCCATTCTTCCACCTTTGATGCT 
CTGTTGCTGTAGCCATATTCAT NM_017008.3 104 95.0 

Gfap AACCGCATCACCATTCCTGT 
CATCTCCACCGTCTTTACCAC NM_017009.2 123 97.7 

Gusb CCGTGGAACAGGGAATGAG 
CTCAGGTGTTGTCATCGTCA  NM_017015.2 121 98.9 

Hprt1 CTCATGGACTGATTATGGACAGGAC 
GCAGGTCAGCAAAGAACTTATAGCC NM_012583 123 92.4 

Pgk1 ATGCAAAGACTGGCCAAGCTAC 
AGCCACAGCCTCAGCATATTTC NM_053291 104 95.8 

Rp113a GGATCCCTCCACCCTATGACA 
CTGGTACTTCCACCCGACCTC NM_173340 132 95.2 

Tbp TGGGATTGTACCACAGCTCCA 
CTCATGATGACTGCAGCAAACC 

NM_0010041
98 131 90.3 

Ywhaz GATGAAGCCATTGCTGAACTTG 
GTCTCCTTGGGTATCCGATGTC NM_013011 117 92.9 

Table 3.2 – Primer sequences and amplicon characteristics for the Rattus norvegicus used in the study. 

3.2.4 Gene expression stability analysis and reference gene validation 

The stability of the reference genes and B elements was assessed by geNorm 

(https://genorm.cmgg.be) and NormFinder (https://moma.dk/normfinder-software) [32, 33]. In 

order to perform the geNorm analysis, the Cq values were imported into the qBaseplus software 

version 3.0 (Biogazelle, Ghent, Belgium) [38]. This algorithm calculates the gene stability 

measure M, which is the average pairwise variation of a particular gene with all other genes. 

The genes are ranked according to the calculated M value from the least stable (highest M 

value) to the most stable (lowest M value). The NormFinder algorithm estimates the stability 

through a model-based approach by comparing the overall gene expression variation and the 

gene variation between sample subgroups. This results in a stability value and ranks the genes 
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based on their stable expression. The Cq values used in both algorithms were efficiency 

adjusted. 

All the ranked gene lists obtained by the geNorm and NormFinder analyses were used in the 

rank aggregation R package called “RankAggreg” [34]. The weighted rank aggregation was 

applied to determine the most stable reference genes across the different disease stages, brain 

regions and algorithms. Thereby, we used the Cross-Entropy (CE) Monte Carlo algorithm, 

which generates random lists. The starting list was converged towards the best optimal list 

through an iteration procedure with the weighted Spearman’s foot-rule distance, resulting in a 

consensus list of ranks. 

According to literature, patients and different animal models of TLE show significant 

upregulation in Gfap mRNA expressions [10, 14, 39-41]. For that reason, Gfap mRNA 

expression was chosen to evaluate the impact of the different kind of normalization strategies. 

The Gfap expression was evaluated with the most stable combination of references genes 

according to the two algorithms or to the eleven references independently, using the 2ΔΔCT 

method [38]. 

The Cq values of each individual reference gene and the Gfap expression values, which were 

determined by different normalization methods, in the hippocampus and cortex were imported 

into GraphPad Prism version 6.00 for Windows (GraphPad Software, La Jolla, CA, USA). The 

various groups were statistically analyzed with the Mann-Whitney two-tailed U test (i.e. acute 

phase) or the nonparametric ANOVA by ranks of Kruskal-Wallis test followed by the Dunn’s 

multiple comparisons post-hoc test (i.e. chronic phase). Differences were considered 

statistically significant at p ≤ 0.05. 

3.3 Results 

3.3.1 Transcription profiles 

The mean Cq values represent a different intragroup variation profile of the reference genes in 

the hippocampus compared to the cortex (Figure 3.1). The genes B2m and Gusb had a 

significantly higher expression in the TLE model than in the controls at the acute phase (acute 

phase control vs. T10), with the exception of the Gusb cortical expression. The chronic phase 

shows a more disperse pattern, where the mRNA expression of Hprt1, Pgk1, Ywhaz, Actb and 

Rpl13a differs significantly between the control and TLE rats in the hippocampus, while Gusb, 

B2m, Rpl13a, Tbp, Ywhaz and the B2 element differ significantly between groups in the cortex. 
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The significant differences in mean Cq values may indicate the instability of a reference gene 

or B element. The Cq value profile displayed a wide range of mRNA expression levels, where 

Gusb has high Cq values (30.42), thus a low mRNA expression, and Gapdh (18.37), Actb 

(19.13) and B2 element (19.41) were highly expressed. 

 

Figure 3.1 – Cq values of the reference genes and B elements in hippocampus and cortex. (A) The mRNA 

expression profiles of the reference genes and B elements in the hippocampus of the acute phase (T10), the chronic 

phase (T80 and T120) in the KA model and their corresponding controls. (B) The mRNA expression profiles of 

the reference genes and B elements in the cortex of the acute phase (T10), the chronic phase (T80 and T120) in 

the KA model and their corresponding controls. Results are given in Cq values, mean ± SD (n=6/7), during the 

acute (acute phase control vs. T10) and chronic (chronic phase control vs. T80/T120) phase, Mann-Whitney U 

Test or Kruskal-Wallis Test, respectively, * = p ≤ 0.05 and ** p ≤ 0.01. 
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3.3.2 Stability determination 

The expression stability of the reference genes and the B elements was assessed by two 

algorithms. The geNorm algorithm labels the most stable genes with the lowest M value. This 

value is defined as the mean standard deviation of the logarithmically transformed expression 

values of the compared genes, which is calculated by the average variation among pairs of genes 

through the comparison of a control gene with other genes. First, the algorithm selects a pair of 

genes, which have the lowest M value, the additional genes are ranked based on the highest 

degree of compatibility with the other and with a geometric mean of the first pair [38]. The 

order of stability of the reference genes and B elements varied between the acute and chronic 

phase in the hippocampus (Figure 3.2A and C). 

 

Figure 3.2 – A geNorm analysis of the acute and chronic phase in the hippocampus of the TLE model. (A) 

Expression stability values (M values) of all the reference genes and B elements in the hippocampus of the acute 

phase. The higher the M value, the less stable the gene is expressed and vice versa. (B) Pair-wise variation analysis 

to determine the number of optimal genes for normalization in the acute phase. The software calculates a V value, 

which is an expressed variation number between the two calculated sequential normalization factors. (C) The M 

values of all the reference genes and B elements in the hippocampus of the chronic phase. (D) Pair-wise variation 

analysis to determine the number of optimal genes for normalization in the chronic phase. 
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Nowadays, to perform correct normalization of a target gene (e.g. Gfap), multiple reference 

genes are recommended [4]. The qBaseplus software package also performs a pairwise 

variation analysis. This analysis calculates the variation between successive pairs, which is 

expressed as the normalization factor (NF). Hereby, the influence of a subsequent reference 

gene added to the previous pair is determined. The comparison is made with NFn for n number 

of genes to NFn+1, which contain the same set of genes with an additional gene having a 

consecutive higher M value. If the added gene to the NF has a significant impact, the variation 

Vn/n+1 between two NF factors is high. Supported by the data presented in the original 

publication, a cutoff value of 0.15 for Vn/n+1 was determined [32]. When the value is below the 

cutoff, the addition of an extra reference gene is not necessary for the normalization of a target 

gene. Using two reference genes in the acute (Pgk1/Hprt1) or chronic (B1 and B2 element) 

model is sufficient, with values of 0.060 and 0.069 respectively (Figure 3.2B and D). 

 

Figure 3.3 – A geNorm analysis of the acute and chronic phase in the cortex of the TLE model. (A) Expression 

stability values (M values) of all the reference genes and B elements in the cortex of the acute phase. The higher 

the M value, the less stable the gene is expressed and vice versa. (B) Pair-wise variation analysis to determine the 

number of optimal genes for normalization in the acute phase. The software calculates a V value, which is an 

expressed variation number between the two calculated sequential normalization factors. (C) The M values of all 

the reference genes and B elements in the cortex of the chronic phase. (D) Pair-wise variation analysis to determine 

the number of optimal genes for normalization in the chronic phase. 
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An equivalent geNorm analysis was performed in the cortex of the rat model for TLE (Figure 

3.3). The algorithm determined that the Hprt1 and Ywhaz reference genes were sufficient for 

the normalization (V2/3=0.032) in the acute phase. Similar as in the hippocampus, the B 

elements were also the most stably expressed in the chronic phase. The V value (0.123) is below 

the defined cutoff value (0.15), so according to the geNorm algorithm, the use of only the two 

B elements as reference genes is adequate for normalization. 

Gene name 
Acute Phase 

Hippocampus 
Chronic Phase 
Hippocampus 

Acute Phase 
Cortex 

Chronic Phase 
Cortex 

Actb 0.185 0.229 0.112 0.266 
B1 Element 0.231 0.159 0.233 0.240 
B2 Element 0.193 0.298 0.228 0.264 
B2m 0.693 0.314 0.508 0.196 
Gapdh 0.334 0.143 0.145 0.261 
Gusb 0.611 0.274 0.356 0.331 
Hprt1 0.381 0.211 0.163 0.333 
Pgk1 0.278 0.257 0.159 0.261 
Rp113a 0.164 0.129 0.216 0.359 
Tbp 0.190 0.345 0.208 0.251 
Ywhaz 0.337 0.280 0.168 0.437 

Best Genes Rpl13a 
Actb 

Rpl13a 
Gapdh 

Actb 
Gapdh 

B2m 
B1 Element 

Table 3.3 – A NormFinder analysis of the acute (acute phase control vs. T10) and the chronic (chronic phase 

control vs. T80/T120) phase in the hippocampus and cortex. 

The NormFinder algorithm uses a model-based estimation of variance approach to determine a 

stability value. This ANOVA model-based approach takes into account the average influence 

of a gene within the group and the individual impact of a group compared to the other groups, 

called the intra- and intergroup variations, respectively. The final value depends on the number 

of candidate genes and samples analyzed [33]. The obtained results of the NormFinder analysis 

of this study are shown in Table 3.3. In the acute phase, the two most stable genes in the 

hippocampus are Rpl13a (0.164) and Actb (0.185), while Gusb (0.611) and B2m (0.693) are the 

two most unstable genes. In the chronic phase the three most stable genes were Rpl13a (0.129), 

Gapdh (0.143) and the B1 element (0.159). The most unstable genes were B2m (0.314) and Tbp 

(0.345), which differed slightly from the geNorm analysis. In the acute phase, the most stable 

reference genes in the cortex are Actb (0.112) and Gapdh (0.145). As before, the two most 

unstable genes were Gusb (0.356) and B2m (0.508). In the chronic phase, B2m (0.196) and B1 

element (0.240) have the least diversity, while Rpl13a (0.359) and Ywhaz (0.437) turn out to be 

unreliable as reference genes. The calculated intra- and intergroup variations per gene are 

presented in Tables 3.4. 
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Gene name 
Intragroup 

Acute Phase Hippocampus 
Intergroup 

Acute Phase Hippocampus 
 Control T10 Control T10 
Actb 0.051 0.153 0.012 -0.012 
B1 Element 0.041 0.051 -0.113 0.113 
B2 Element 0.018 0.154 -0.048 0.048 
B2m 0.051 0.002 0.632 -0.632 
Gapdh 0.014 0.160 -0.203 0.203 
Gusb 0.036 0.013 0.536 -0.536 
Hprt1 0.015 0.049 -0.291 0.291 
Pgk1 0.009 0.004 -0.234 0.234 
Rp113a 0.071 0.068 0.015 -0.015 
Tbp 0.048 0.003 -0.114 0.114 
Ywhaz 0.051 0.111 -0.192 0.192 
 

Gene name 
Intragroup 

Chronic Phase Hippocampus 
Intergroup 

Chronic Phase Hippocampus 
 Control T80 T120 Control T80 T120 
Actb 0.068 0.005 0.108 -0.232 0.047 0.185 
B1 Element 0.105 0.021 0.046 0.017 0.051 -0.068 
B2 Element 0.035 0.198 0.118 0.276 -0.033 -0.243 
B2m 0.019 0.266 0.167 0.297 -0.127 -0.170 
Gapdh 0.018 0.035 0.035 0.085 -0.082 -0.003 
Gusb 0.040 0.115 0.368 0.196 0.028 -0.223 
Hprt1 0.029 0.055 0.089 -0.155 0.149 0.006 
Pgk1 0.014 0.066 0.068 -0.255 0.126 0.129 
Rp113a 0.034 0.020 0.004 -0.096 0.026 0.070 
Tbp 0.313 0.079 0.227 0.174 -0.335 0.160 
Ywhaz 0.002 0.116 0.045 -0.306 0.149 0.157 

	

Gene name 
Intragroup 

Acute Phase Cortex 
Intergroup 

Acute Phase Cortex 
 Control T10 Control T10 
Actb 0.026 0.008 0.043 -0.043 
B1 Element 0.033 0.064 -0.128 0.128 
B2 Element 0.283 0.110 0.005 -0.005 
B2m 0.033 0.069 0.439 -0.439 
Gapdh 0.017 0.022 -0.070 0.070 
Gusb 0.126 0.105 0.232 -0.232 
Hprt1 0.003 0.013 -0.117 0.117 
Pgk1 0.023 0.065 0.051 0.051 
Rp113a 0.037 0.050 -0.112 0.112 
Tbp 0.020 0.025 -0.131 0.131 
Ywhaz 0.006 0.020 -0.110 0.110 
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Gene name 
Intragroup 

Chronic Phase Cortex 
Intergroup 

Chronic Phase Cortex 
 Control T80 T120 Control T80 T120 
Actb 0.019 0.106 0.124 -0.245 0.257 -0.012 
B1 Element 0.223 0.171 0.151 -0.092 0.114 -0.022 
B2 Element 0.397 0.154 0.209 -0.120 0.113 0.007 
B2m 0.076 0.032 0.098 0.088 0.055 -0.143 
Gapdh 0.042 0.132 0.150 -0.227 0.219 0.008 
Gusb 0.588 0.092 0.420 0.088 -0.229 0.141 
Hprt1 0.677 0.287 0.305 0.247 -0.230 -0.017 
Pgk1 0.014 0.030 0.074 0.216 0.092 -0.308 
Rp113a 0.132 0.356 0.501 -0.378 0.257 0.120 
Tbp 0.119 0.195 0.270 0.053 -0.143 0.090 
Ywhaz 0.633 0.738 0.916 0.369 -0.506 0.136 
Tables 3.4 – Intra- and intervalues of the NormFinder results. 

3.3.3 Rank aggregation 

Not surprisingly, the different algorithms yielded a different ranking of the genes and B 

elements. In order to obtain a final consensus list of ranks, weighted rank aggregation was 

conducted. The R script for the weighted rank aggregation, via a CE Monte Carlo algorithm 

with the weighted Spearman’s foot-rule distance, is presented in Figure 3.4. The weight of the 

M values of the geNorm algorithm and the stability values of the NormFinder algorithm were 

taken into account in this iterative process [34]. As presented in Figure 3.5, the B1 element is 

the most stably expressed, independent of brain region and disease stage. 

 

Figure 3.4 – R Script of the RankAggreg package. 
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Figure 3.5 – The rank aggregation consensus result of the reference genes and B elements via the 

performance of the Cross-Entropy (CE) Monte Carlo algorithm in combination with the Spearman’s foot-

rule weighted distance. 

3.3.4 Validation of reference genes and B elements 

Finally, the B elements and reference genes used in this study were validated to normalize the 

expression analysis of Gfap. From literature, it is known that expression of this gene is 

upregulated in several epilepsy models as well as in human patients with TLE [10, 14, 39-41]. 

The best pairs of genes resulting from the geNorm and NormFinder analysis and all the 

individually expressed genes and B elements were used to evaluate the pattern of Gfap in the 

hippocampus and the cortex, as depicted in Figure 3.6A and B, respectively. Normalized Gfap 

expression was very similar for both B elements as reference genes, in the hippocampus, as 

well as in the cortex. Moreover, normalization using the B elements was almost equivalent to 

normalization using the geNorm and NormFinder method. Only the chronic phase control 

versus the T120 in the NormFinder differed slightly compared to the B1 or B2 element 

normalization in the hippocampus. Even the use of unstably expressed genes as Gusb and B2m 

still allowed detection of the significant upregulation of Gfap mRNA expression in the two 

brain regions, in both the acute and chronic phase. Nevertheless, the upregulation of Gfap 

normalized by these reference genes differed in significance level compared to the 

normalization of Gfap with geNorm and NormFinder. Moreover, these reference genes were 

significantly upregulated in the acute phase of the TLE model, independent of brain region 

(Figure 3.7). Remarkably, in the chronic phase of the TLE model normalization using Ywhaz 

didn’t yield significant Gfap upregulation in the cortex. 
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Figure 3.6. – Transcription profiles of Gfap in two brain regions upon using different normalization 

approaches. (A) The relative expression of Gfap in the hippocampus, normalized using each of the nine reference 

genes, the B elements or the best combination derived from the NormFinder and geNorm analysis. (B) The relative 

expression of Gfap in the cortex normalized by nine reference genes, B elements or the best combination derived 

from the NormFinder and geNorm analysis. The graphs show the mean Gfap expression during the acute (acute 

phase control vs. T10) and chronic (chronic phase control vs. T80/T120) phase, Mann-Whitney U Test or Kruskal-

Wallis Test respectively, * = p ≤ 0.05, ** = p ≤ 0.01. 

3.4 Discussion 

Currently, RT-qPCR is the ‘gold standard’ to determine variation in mRNA expression levels 

in biological materials between experimental conditions. Hereby, an accurate normalization 
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strategy is key to infer correct conclusions from generated data. Predominantly, the expression 

of one or more endogenous ‘reference’ genes is used to correct for technical variations in the 

RT-qPCR protocol. Using multiple reference genes is recommended and the optimal number 

applied should be experimentally determined [4]. Importantly, some experimental procedures 

also influence reference gene expression, rendering specific genes unsuitable for normalization 

of target gene expression. Applying only a single reference gene could lead to erroneous 

conclusions in that case [32]. 

 

Figure 3.7 – Relative expression analysis of Gusb and B2m in the hippocampus and the cortex. (A) The 

relative expression of B2m in the hippocampus. (B) The relative expression of B2m in the cortex. (C) The relative 

expression of Gusb in the hippocampus. (D) The relative expression of Gusb in the cortex. The graphs show the 

mean expression during the acute (control phase acute vs. T10) and chronic (control phase chronic vs. T80/T120) 

phase normalized by the optimal set of references genes described by geNorm, Mann-Whitney U Test or Kruskal-

Wallis Test respectively, * = p ≤ 0.05, ** = p ≤ 0.01. 

Our study is the first to validate the use of SINEs as a normalization strategy, comparing these 

to nine widely used and accepted reference genes as a normalization method in a rodent model. 

Previously, SINEs were validated in zebrafish tissues, human blood samples and human cell 

lines [15-18]. In order to perform the comparison, we selected nine reference genes from 

different functional classes, for example genes involved in major histocompatibility complex 

(B2m), transcription (Tbp) or metabolism (Gapdh), to avoid co-regulation (Table 3.1). The use 

of ribosomal RNA (rRNA) as a normalizer is discouraged, because the rRNA (e.g. 18S rRNA) 

is not polyadenylated, transcribed by a different RNA polymerase and has a different function 

in the cell than mRNA. Although around 90% of the total RNA concentration contains rRNA, 

the mRNA/rRNA ratio can fluctuate depending on the experimental conditions [42, 43]. 
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Therefore, the rRNA was not included in our research. In contrast, the SINEs (i.e. B elements 

in the Rattus norvegicus) are part of the mRNA and are dispersed abundantly throughout the 

transcriptome. 

The implementation as a normalization factor in RT-qPCR of another class of retrotransposons, 

the Long Interspersed Nuclear Elements (LINE-1), is discouraged as well. A difference in 

transcription of these autonomous retrotransposons cannot only be induced by various chemical 

and biological stressors, but also has been observed in cancers, neurodegenerative disorders 

and autoimmune diseases [44-49]. This would be due to hypomethylation of CpG islands and 

chromatin rearrangements [50-52]. In addition, a qPCR analysis of human brain tissue showed 

a high variation in LINE-1 copy number expression between individuals, especially in the 

hippocampus, and differential expression between neurons [53, 54]. 

The majority of the B elements are either located in upstream regions of specific transcripts, or 

in their intronic regions [25-27]. Hence, PCR amplification of a specific repeat from a B 

element will multiply the same transcript of various genes. Predictably, the detection of many 

transcripts simultaneously will be less influenced by an unstably expressed gene. As a 

consequence, it can be expected that the detected signal will be less prone to variation during 

various biological conditions, than when a single gene is detected in RT-qPCR. 

As a proof-of-concept we used a rodent model of TLE and sampled two different brain regions 

at various disease stages (i.e. acute phase and chronic phase). KA will induce SE, followed by 

a latency period, and finally spontaneous recurrent seizures occur [55, 56]. The glutamate 

analog, KA, is a neuroexcitotoxic agent that acts via kainic acid receptors. Different pathologic 

changes will be manifested in the rodent, such as behavioral changes (e.g. occurrence of wet-

dog shakes), electrophysiological alterations, induction of oxidative stress, astrogliosis and 

aberrant mossy fiber sprouting. Primarily, the CA3 region of the hippocampus has been shown 

as the most susceptible region. To a lesser extent the entorhinal- and piriform cortex are targeted 

by KA [57-59]. Several studies have proposed reference genes for intra-hippocampal KA and 

pilocarpine (PILO) induced models of TLE and human epileptic brain tissue [10, 14, 60, 61]. 

Because the expression of a reference gene may be unstable in different (pathological) models, 

this study evaluated the suitability of nine specifically chosen reference genes, as well as B 

elements, to normalize gene expression in the rodent model of TLE via systemic KA 

administration [14]. Where most studies analyze only the hippocampus, we also included the 

cortex, which is known to be affected as well. 
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An extra added value of our analysis is the application of both the geNorm and NormFinder 

algorithm to determine the stability of the B elements, unlike previous studies, which validated 

SINEs and inferred their conclusions only from one algorithm (i.e. geNorm) [16-18]. As 

demonstrated by our data, there is a clear difference between the rankings generated by the two 

algorithms (Table 3.3, Figures 3.2 and 3.3). Where a target gene (e.g. Gfap) uses reference 

genes (e.g. Gapdh) as a point of reference to infer differences in expression over various 

experimental conditions, a reference gene itself does not have a point of reference. In order to 

select the most stable reference gene(s) over the experimental conditions, the two algorithms 

employ different mathematical schemes [32, 33]. To merge the results of both algorithms, we 

applied a rank aggregation strategy, resulting in one ranking scheme, independent of biological 

variables [34]. From this analysis, we could conclude that the B1 element, but not the B2 

element, functions as the most stable reference in our hands. Others have also reported that not 

every repeat element is stably expressed under different conditions [17]. Upregulation of mouse 

B2 elements under heat shock conditions has been reported. Hereby, the B2 element binds to 

RNA polymerase II, acting as a transcriptional repressor of protein-coding genes to prevent 

translation, thus reducing the number of misfolded proteins under hyperthermia [62-64]. An 

opposite effect was seen in the hippocampus under stress conditions, wherein it was 

hypothesized that proteins should be translated in the hippocampus to retain memories of 

successful escapes and danger cues for future situations. The above demonstrates the 

‘modulability’ of the B2 element, possibly explaining why in our model its expression was 

somewhat less stable than that of the B1 element [65]. 

Expression of the astrocyte-specific cytoskeleton protein Gfap was evaluated, relative to every 

single reference gene or B element independently, or relative to the results of geNorm or 

NormFinder. It has been well established for several models of TLE that Gfap expression is 

highly upregulated during astrogliosis in human and animal epileptogenic hippocampi [10, 14, 

39-41]. The expression pattern, when normalizing with the B elements, was similar to that 

obtained when using geNorm or NormFinder, which is an indication of a specific upregulated 

pattern. Remarkably, B2m and Gusb were significantly upregulated in both brain regions of the 

acute phase. In a PILO model, when these two genes were used in normalization, a significant 

upregulation of Gfap expression was not detectable [14]. Clearly, the Gusb and B2m genes are 

unsuitable as references genes in the acute phase, since both were significantly upregulated 

(Figure 3.7). The rank aggregation also indicated these two genes as most unstable (Figure 3.5). 

Notable is Gapdh, which comes out as the second-best normalizer, while in a KA intra-
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hippocampal model this gene was found to be an inadequate reference [10]. Furthermore, 

related models mimicking the same disease could differ significantly in reference gene 

stabilities, since Gusb was an unstable gene in the systemic PILO model, but stable in the intra-

hippocampal PILO model [14]. 

In the end, we believe that the reference genes are less affected in the acute phase, except for 

B2m and Gusb which were significantly upregulated. The systemic KA administration does 

influence the global expression of some well-accepted reference genes (e.g. Yhwaz and Hprt1) 

and their stability decreases with progression of the disease, when aberrant mossy fiber 

sprouting is more prominent. The B1 element remains more or less stable in M values or 

stability values independent of brain region or disease stage. This study demonstrates the 

potential of implementing of the B1 element as a new reference for correct normalization of 

target genes in the systemic KA induced rat model of TLE. We are currently investigating 

whether its implementation as a normalization strategy can be expanded to other disease models 

or rodent species. 

3.5 Conclusion 

Accurate normalization is essential in RT-qPCR studies to infer correct conclusions from the 

generated data. In this study, we investigated the stability of nine well-accepted reference genes 

and the transcripts of two SINEs (i.e. B1 and B2 element). The stability of the B elements and 

the performance as a normalizer were validated in a TLE rodent model induced by the systemic 

administration of KA. The exact same expression data resulted in different ranks between the 

geNorm and NormFinder algorithms. It is advisable to implement more than one algorithm in 

reference studies, or skewed conclusions may be made. The weighted rank aggregation 

generated a consensus list from both algorithms, but, importantly, this list was independent of 

brain region (i.e. hippocampus or cortex) and disease stage. Overall, the expression of the B1 

element appears to be most stable, while B2m and Gusb were rather unreliable, even 

significantly upregulated in the acute phase of the TLE model in both evaluated brain regions. 

The validation of the new normalization strategy using Gfap, showed that the B1 element was 

comparable with the best pair of reference genes generated by geNorm and NormFinder. Thus, 

the B1 element can be implemented for the normalization of genes in this rodent model. Its 

general application in rodents should be studied further and confirmed by other pathology 

models and tissues. 
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Abstract 

The choice of appropriate reference genes for use in reverse transcription quantitative 

polymerase chain reaction (RT-qPCR) has been thoroughly investigated, since the inclusion of 

unstable reference genes might cause inaccurate gene expression results. 

Short Interspersed Nuclear Elements (SINEs) such as B elements, might represent an alternative 

solution given the high occurrence of these repetitive elements in the rodent genome and 

transcriptome. We performed RT-qPCR to investigate the stability of nine commonly used 

reference genes and two B elements, B1 and B2, across different age- and genotype-related 

experimental conditions in the hippocampus and cortex of the APP23 amyloidosis mouse model 

for Alzheimer’s disease. Gene stability was assessed using geNorm, NormFinder and 

BestKeeper. Human amyloid precursor protein (APP) levels in transgenic versus wild-type 

animals were also determined to validate the use of B elements as an alternative normalization 

approach. 

Whereas B elements were stably expressed in the hippocampus, they were ranked as least stable 

in the cortex. The optimal normalization factor (NF) in hippocampus was a combination of 

Gapdh and Rpl13a, whereas in cortex, Actb and Tbp constituted the ideal NF. 

When comparing B1 and B2 as NFs for APP with the optimal panel of reference genes in 

hippocampus, we found that B1 and B2 performed similarly to the optimal NF, while these 

SINEs performed less well in cortex. 

Although B elements are suitable as an alternative normalization strategy in the hippocampus, 

they do not represent a universal normalization approach in the APP23 model. 
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4.1 Introduction 

The reverse transcription quantitative polymerase chain reaction (RT-qPCR) is one of the most 

commonly used techniques in the field of molecular biology, and has become the gold standard 

for quantification of mRNA in biological samples given its flexibility, sensitivity, specificity 

and the possibility for high-throughput analyses [1, 2]. Quantitative determination of gene 

expression is either relative or absolute, however, both methods are associated with a number 

of pitfalls. Since absolute quantification requires the inclusion of a standard curve a major 

downside of this method is the need for such a serial dilution on each plate, thus hampering 

large RT-qPCR studies incorporating many samples and/or genes [3-5]. In contrast, the delta-

delta Cq method for relative quantification normalizes expression of the gene of interest to one 

or more endogenous reference genes, serving as internal controls [6]. The internal control genes 

should ideally be constitutively and stably expressed across cell/tissue types, developmental 

stages, age and treatment conditions. 

The selection and validation of appropriate reference genes received a lot of attention in the 

previous decade, as the inclusion of unstably expressed reference genes might give rise to an 

important source of bias [7-10]. As such, commonly used reference genes including 

glyceraldehyde-3-phosphate dehydrogenase (Gapdh), beta-actin (Actb), and 18S rRNA have 

repeatedly been shown to be variably expressed across experimental parameters and tissues [2, 

10, 11]. Another topic of discussion was the ideal number of reference genes to be included in 

the experimental design. Following the publication of the MIQE (Minimum Information for 

Publication of Quantitative Real-Time PCR Experiments) guidelines for studies reporting RT-

qPCR results, which recommended the inclusion of at least two reference genes, a restricted 

literature review investigated the number of reference genes used in gene expression studies in 

the period from 2010 until 2015, showing that merely 13% of all gene expression studies used 

more than one reference gene [12, 13]. Another survey investigating papers published from 

2009 until 2011 in journals with a wide range of impact factors (IF), noted that almost 30% of 

journals with an IF <5 and 73% of high-impact journals failed to publish a single paper 

including validated reference genes [14]. The notion that (the number of) appropriate reference 

genes should be validated for each experimental design, is currently becoming increasingly 

accepted in the field. However, the repeated validation of reference genes for each new study 

entails important disadvantages, as it renders genetic research more expensive and labor-

intensive. Limited RNA sample availability also hinders an extensive investigation of 

appropriate reference genes. These drawbacks, in addition to the unstable expression of 
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historical reference genes (e.g. Gapdh, Actb and 18S rRNA), motivate the search for alternative 

normalization approaches. Short Interspersed Nuclear Elements (SINEs) are a class of highly 

occurring retrotransposons, which are generally 100-500 base pairs (bp) in length [15, 16]. 

Since SINEs make up approximately 10% of the total mammalian genome and since they are 

mainly located in intronic and untranslated regions of many genes, it is hypothesized that 

temporary or event-related changes in a certain number of genes will not have a large impact 

on the overall SINE content in the transcriptome [17-24]. Therefore, SINEs might represent a 

valuable alternative to the regularly used reference genes. As an example, expressed Alu repeats 

were previously found to be an accurate normalization tool for RT-qPCR studies in human 

blood, human embryonic stem cells, and cancer cells [25-27]. This family of retrotransposons, 

derived from 7SL RNA, is ubiquitously present in the primate genome, and contains a common 

restriction site for AluI [28-31]. Due to the ability to integrate in various regions of the genome, 

Alu repeats can regulate gene expression by acting as transcriptional enhancers, by influencing 

pre-mRNA splicing or other documented mechanisms [32-37]. 

The identification of a second family of SINEs, present in the rodent genome, arose from the 

analysis of the structural features of pre-mRNA [38-41]. Its nomenclature is based on the 

homology to double-stranded (ds) regions in pre-mRNA, termed as dsRNA-B molecules [38, 

41, 42]. Further analysis of the DNA sequences complementary to dsRNA-B showed two 

abundant categories, B1 and B2, each with a distinct degree of sequence variation, and derived 

from distinct RNA ancestor molecules. The first category, B1, consists of sequences with a total 

length of 130 bp [38, 39]. Similar to Alu repeats, B1 elements are derived from 7SL RNA and 

were termed quasi-dimers because of an internal duplication of 29 bp [43, 44]. In contrast, B2 

sequences, which are generally 190 bp in length, originate from tRNA [45, 46]. Analogous to 

the Alu repeats, B elements are hypothesized to be involved in splicing, processing of RNA 

polymerase II transcripts, and the regulation of gene expression [40]. Thus, since B1 and B2 

elements are well characterized and because of their ubiquitous presence in the rodent genome 

and transcriptome, these SINEs might represent an interesting alternative to classical reference 

genes in RT-qPCR experiments. In this paper, we investigated the applicability of nine 

commonly used mouse reference genes: Gapdh, Actb, beta-2-microglobulin (B2m), 

phosphoglycerate kinase 1 (Pgk1), hypoxanthine guanine phosphoribosyl transferase (Hprt), 

tyrosine 3-mono-oxygenase/tryptophan 5-monooxygenase activation protein zeta (Ywhaz), 

beta-glucuronidase (Gusb), TATA-box binding protein (Tbp) and ribosomal protein L13a 

(Rpl13a), as well as B1 and B2 elements as a normalization strategy for gene expression 
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analysis in hippocampal and cortical tissue of the APP23 amyloidosis mouse model for 

Alzheimer’s disease (AD). Although various work reported about methylation of B elements, 

posttranscriptional gene regulation, and their transcriptional response to viral cell infection, few 

previous studies used these SINEs as a normalization approach for RT-qPCR experiments [47-

49]. Only one recent study performed a similar experimental analysis concerning the 

applicability of B elements for normalization of gene expression in hippocampus and cortex of 

a rat model of temporal lobe epilepsy, while, to the best of our knowledge, these SINEs have 

not previously been used for analogous purposes in mice [24]. 

4.2 Materials and methods 

4.2.1 Animal model and tissue collection 

The APP23 model is a transgenic mouse model, containing human cDNA of amyloid precursor 

protein gene (APP) with the Swedish double mutation (Lys670Asn and Met671Leu), resulting 

in overexpression of APP and causing a familial form of early-onset AD in humans. From the 

age of 6 months onwards, APP23 mice display neuropathological lesions, i.e. Aβ plaques and 

tau-related pathology [50-52]. Further characterization with respect to cognitive and behavioral 

abnormalities, and validation of this model, have been described previously [52, 53]. Male mice 

were group-housed in standard mouse cages in the animal facility of the University of Antwerp, 

in a 12:12 h light-dark cycle (lights on at 8:00 AM, lights off at 8:00 PM). Room temperature 

was maintained constant at 22 ± 2°C, while the humidity was 55 ± 5%. Food and water were 

supplied ad libitum. Genotyping was performed on tissue derived from ear punches using 

custom primers (Biolegio, Nijmegen, the Netherlands). Heterozygous (HET) (n=5) and wild-

type (WT) (n=5) mice belonging to each age group (6-8 weeks, 6, and 24 months) were 

euthanized by cervical dislocation, followed by brain collection and regional dissection of each 

hemisphere using binoculars. First, both bulbi were dissected, followed by the cerebellum and 

pons/brain stem. Cortex tissue was sliced off using a scalpel, and as such removed from the 

underlying white matter. In addition, cortical tissue was visually checked for remaining pieces 

of white matter. A small sagittal midline incision was made to detach the left and right 

hippocampus from the fornix, after which a forceps was used to remove both hippocampi in the 

caudolateral direction. Tissue samples were immediately snap-frozen in liquid nitrogen and 

stored at -80°C until further use. All procedures involving animals were approved by the local 

ethics committee for laboratory animal experiments (file number 2016-06) and complied with 

the European Communities Council Directive (2010/63/ EU) and ARRIVE guidelines. 
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4.2.2 RNA extraction and cDNA synthesis 

All analyses were performed on left hemispheric cortices (n=30) and hippocampi (n=29), 

derived from HET and WT animals aged 6-8 weeks, 6 and 24 months, except for one right 

hemispheric hippocampus implemented in the 24-month-old group. RNA extraction was per- 

formed using the RNeasy® Plus Universal Mini kit (Qiagen, Hilden, Germany) following the 

manufacturer’s instructions. In addition, on-column DNase treatment was performed using the 

RNase-free DNase set (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. 

RNA eluate volume varied between 22 and 25 µl. RNA concentration and purity were 

determined by UV-VIS spectroscopy measurements at 230, 260 and 280 nm with the NanoDrop 

1000 instrument (Thermo Fisher Scientific, Waltham, MA, USA). Individual tissue weights, 

RNA yield and purity are comprised in Table 4.1. Reverse transcription was performed on 800 

ng RNA, using the iScript cDNA Synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA) in 

20 µl reactions. To analyze expression stability of B elements and Hprt in hippocampus, cDNA 

samples were diluted 1:1000, while a dilution of 1:10 was adopted for Actb, B2m, Gapdh, Gusb, 

Pgk1, Tbp, Rpl13a and Ywhaz. In addition, cDNA was diluted 1:10 for Actb, B2m, Gusb, Hprt, 

Pgk1, Tbp, Rpl13a and Ywhaz, and 1:1000 for Gapdh and B elements in the case of cortical 

samples. Expression levels of the human APP construct as well as mouse App were also 

analyzed, and normalized to the best combination of reference genes according to gene stability 

software, or to B elements. For this analysis, cDNA was diluted 1:10 and 1:1000 for 

hippocampus and cortex, respectively. All cDNA samples were stored at -80°C until further 

use. 

4.2.3 Primer design 

Primers for all reference genes were developed and checked for specificity using the NCBI 

Primer-BLAST software (Table 4.2) and RefSeq mRNA sequences of Mus musculus, while 

sequences for B1 and B2 elements were designed using Primer3 software, and checked for 

specificity using NCBI Primer-BLAST (J.V., UGent). All primers were synthesized by 

Biolegio (Nijmegen, the Netherlands). 

4.2.4 Reverse transcription quantitative PCR 

RT-qPCR analyses were performed on the Applied Biosystems StepOnePlus instrument (Foster 

City, CA, USA), with automatic threshold settings. All analyses were carried out in 10 µl 

reactions containing 5 µl of the Power SYBR Green Master Mix (Applied Biosystems, Foster 

City, CA, USA), 1.5 µl of each primer (250 nM final concentration) and 2 µl cDNA (8 ng and 
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Age 
HC weight 

(mg) 
RNA concentration 

(ng/µl) A260/280 A260/230 
CX weight 

(mg) 
RNA concentration 

(ng/µl) A260/280 A260/230 

6-8 
Weeks 

10.8 336.7 2.10 2.20 21.3 958.7 2.12 2.06 
16.5 550.5 2.14 2.12 24.6 1070.4 2.12 2.11 
15.7 396.9 2.08 1.86 30.7 1491.7 2.13 2.28 
18.8 739.9 2.13 2.02 28.5 1401.8 2.12 2.20 
15.3 554.8 2.13 2.03 25.7 1117.2 2.12 2.15 
17.2 567.4 2.13 1.88 24.2 1044.9 2.12 2.10 
13.7 467.4 2.04 2.07 27.5 1612.4 2.11 2.25 
13.8 414.7 2.06 1.79 26.4 1543.7 2.14 2.27 
13.8 554.1 2.12 2.06 28.9 1586.9 2.13 2.22 
13.5 403.6 2.06 2.11 32.5 1737.0 2.13 2.03 

6 
Months 

21.1 373.9 2.08 1.78 22.6 827.1 2.12 2.11 
15.0 466.9 2.04 2.06 32.1 1731.6 2.10 2.27 
15.6 528.8 2.11 1.86 25.0 1225.9 2.14 2.13 
14.5 424.0 2.09 1.87 32.2 1709.9 2.13 2.23 
18.3 553.7 2.14 1.94 29.0 1320.7 2.12 2.17 
12.2 353.8 2.10 1.69 30.9 1216.9 2.11 2.18 
14.5 396.5 2.08 1.96 26.5 1183.4 2.11 2.29 
16.8 579.5 2.16 1.97 27.6 1434.2 2.11 2.27 
11.5 343.3 2.09 1.47 24.3 1048.4 2.13 2.07 
13.0 435.4 2.07 1.94 30.1 1551.9 2.12 2.28 

24 
Months 

22.3 774.3 2.13 1.98 27.1 1065.6 2.11 2.22 
19.3 730.7 2.12 1.91 31.4 1460.6 2.11 2.26 
20.7 674.9 2.14 2.01 24.7 1145.5 2.10 2.09 
19.2 624.2 2.12 2.08 26.7 1436.0 2.13 2.19 
16.0 422.6 2.06 2.06 26.6 1177.6 2.12 2.14 
22.0 832.4 2.13 2.12 18.3 700.8 2.09 2.07 
24.3 805.4 2.12 1.99 20.2 950.7 2.12 2.18 
18.2 611.1 2.12 2.04 27.1 1278.7 2.08 1.97 
13.5 536.6 2.11 2.16 25.1 1252.0 2.13 2.16 
19.7 737.1 2.13 2.14 22.8 1168.3 2.13 2.19 

Table 4.1 – Individual weights, RNA concentrations and purity values of hippocampal and cortical tissue samples. Abbreviations: CX = Cortex, HC = Hippocampus.
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0.08 ng cDNA in case of a 1:10 dilution and 1:1000 dilution, respectively). Cycling conditions 

for all analyses consisted of initial denaturation at 95°C during 10 min, followed by 40 cycles 

of denaturation at 95°C for 15 s and annealing at 60°C for 60 s. Finally, melting curve analysis 

was performed by heating from 60°C to 95°C in increments of 0.3°C/s. cDNA samples and 

corresponding negative control reactions to which no reverse transcriptase was added during 

cDNA synthesis (-RT reactions), were analyzed in triplicate using StepOne Software v2.3 

(Applied Biosystems, Foster City, CA, USA). All corresponding -RT reactions were negative 

(defined as reactions with an undetermined Cq or if the difference between the -RT control and 

the corresponding cDNA sample was ≥10 Cq values). PCR efficiencies for each assay were 

determined using technical triplicates of 1:2 or 1:10 serial dilutions, consisting of up to six 

dilution points, of a representative cDNA sample and are displayed in Table 4.2. Normalized 

relative quantities (NRQs) of B elements and APP were calculated using the qBaseplus software 

(version 3.1, Biogazelle), implementing an efficiency-corrected delta-delta Cq method [54]. 

Melting curves of each RT-qPCR product are shown in Figure 4.1. 

Symbol 5’-3’ sequence Reference 
Amplicon 

Length (bp) 
PCR 

efficiency (%) 

Actb GGCTGTATTCCCCTCCATCG 
CCAGTTGGTAACAATGCCATGT NM_007393.5 154 97.3 

APP AGAAGGACAGACAGCACACC 
TCATAACCTGGGACCGGATCT 

NM_0011361
30.2 90 94.5 

B1 Element GTGGCGCACGCCTTTAAT 
GCTGGCCTCGAACTCAGAAA 

In-house 
(UGent) 68 95.3 

B2 Element CAATTCCCAGCAACCACATG 
ACACACCAGAAGAGGGCATCA 

In-house 
(UGent) 67 98.8 

B2m GTATACTCACGCCACCCACC 
TGGGGGTGAATTCAGTGTGAG NM_009735.3 193 108.6 

Gapdh AGGTCGGTGTGAACGGATTTG 
GGGGTCGTTGATGGCAACA 

NM_0012897
26.1 95 98.5 

Gusb  GGCGATGGACCCAAGATACC 
TGAATCCCATTCACCCACACA NM_010368.1 88 106.0 

Hprt1 CTTCCTCCTCAGACCGCTTT 
CATCATCGCTAATCACGACGC NM_013556.2 85 99.1 

Pgk1 CTCCGCTTTCATGTAGAGGAAG 
GACATCTCCTAGTTTGGACAGTG NM_008828.3 117 109.1 

Rp113a CCCTCCACCCTATGACAAGAAAA 
TAGGCTTCAGCCGAACAACC NM_009438.5 71 96.4 

Tbp GGTATCTGCTGGCGGTTTGG 
GAAATAGTGATGCTGGGCACTG NM_013684.3 73 99.7 

Ywhaz TGTCACGGTGTGGACGC 
ATGACGTCAAACGCTTCTGG NM_011740.3 119 100.8 

Table 4.2 – Primer sequences and amplicon characteristics for the Mus musculus used in the study. 
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Figure 4.1 – Melting curves of each RT-qPCR product. 
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4.2.5 Software and statistical analysis 

Gene stability analysis was carried out on previously mentioned nine reference genes, in 

conjunction with the two B elements separately and combined. We analyzed all reference genes 

using qBaseplus software, version 3.1, incorporating the geNorm algorithm [55]. This 

algorithm ranks distinct reference genes based on the geNorm M value, which represents the 

average pairwise variation of remaining reference genes after stepwise exclusion of the least 

stable genes. In addition, the geNorm V value indicates the pairwise variation of two sequential 

NFs upon inclusion of additional genes. Respective cutoff values for geNorm M and V are 0.50 

and 0.15, so that all reference genes with a geNorm M value <0.50 are generally classified as 

stable reference genes. A geNorm V value <0.15 indicates that there is no benefit in including 

additional reference genes for normalization purposes. Moreover, the NormFinder algorithm, 

v0.953, was used as an add-on in Microsoft Excel and ranks reference genes taking into account 

a systematic error measure based on the inter- and intragroup variation. Similar to geNorm, the 

reference gene with the lowest stability value, is ranked as most stable [56]. Raw Cq values 

were transformed into efficiency-adjusted relative quantities before performing the 

NormFinder analysis, as described previously [7]. Lastly, the BestKeeper algorithm, version 1, 

was implemented in Microsoft Excel, calculating the geometric mean of all reference genes 

included in the study as the BestKeeper Index, as well as the correlation coefficient of each 

individual gene with aforementioned index. Consequently, the gene with the highest correlation 

factor, is characterized by the most stable expression. 

Since these three algorithms use distinct approaches to rank reference genes, we compared the 

stability scores from geNorm, NormFinder and BestKeeper, and finally, compiled them into 

one final rank using the “RankAggreg” package in R, version 3.4.0 for Windows, using the 

Cross-Entropy (CE) Monte Carlo algorithm with Spearman’s foot-rule distance (Figure 4.2) 

[57]. 

Relative quantities of B elements and APP, either normalized to the optimal NF as determined 

by rank aggregation analysis, or to a NF containing B elements in the case of APP, were log-

transformed for all statistical analyses. Test statistics were considered statistically significant if 

p < 0.05. To detect the effects of age and genotype on NRQs of APP and B elements, two-way 

ANOVA was applied, with Tukey’s post-hoc tests for age, if applicable. In case the assumption 

of equality of variances was violated, separate one-way Welch’s ANOVA and independent 

samples t-tests were performed. All statistical analyses were performed in IBM SPSS Statistics 

for Windows, version 24.0. 
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Figure 4.2 – R Script of the RankAggreg package. 
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4.3 Results 

4.3.1 Sample size 

In total, 30 mice were included in the RT-qPCR experiments. Age groups of 6-8 weeks, 6, and 

24 months, consisted of 10 mice each, with 5 HET APP23 animals and 5 WT littermates in all 

age groups. 

4.3.2 Expression profiles based on raw Cq values 

Descriptive statistics of Cq values for each B element and reference gene in hippocampus and 

cortex are depicted in Figures 4.3 and 4.4. In hippocampus, almost all genes and B elements 

show a similar expression pattern across age and genotype groups. In animals aged 24 months, 

however, higher levels of B2m can be discerned relative to animals aged 6-8 weeks and 6 

months. Overall, the variation in Cq values represented by the interquartile range is larger in 

cortical tissue compared to hippocampal samples for all tested genes. Surprisingly, the 

expression profiles of the B elements in the cortex showed the highest variability. 

 

Figure 4.3 – Cq values of all reference genes and B elements in the hippocampus of APP23 WT (n=5) and 

HET (n=5) mice aged 6-8 weeks, 6, and 24 months. Data are represented as median with interquartile range. 

Abbreviations: Cq = Quantitation cycle, HET = Heterozygous, M = Months, W = Weeks, WT = Wild-type. 
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Figure 4.4 – Cq values of all reference genes and B elements in the cortex of APP23 WT (n=5) and HET 

(n=5) mice aged 6-8 weeks, 6, and 24 months. Data are represented as median with interquartile range. 

Abbreviations: Cq = Quantitation cycle, HET = Heterozygous, SD = Standard deviation, WT = Wild-type. 

4.3.3 Stability ranking of reference genes according to geNorm, 

NormFinder and BestKeeper 

For both tissue types, the ranking of reference genes was largely similar between the three 

algorithms. The ranking of all reference genes and separate B elements, as well as their gene 

stability scores, are displayed in Table 4.3. In hippocampal tissue, B1 and B2 performed 

relatively well, with a top 5 ranking in the gene list generated by each algorithm (Figure 4.5A-

C). Furthermore, almost all genes included in the analysis proved to be acceptable reference 

genes, indicated by the finding that all reference genes had a geNorm M value <0.50. 

Nevertheless, caution should be exercised when choosing B2m as reference gene in 

hippocampus, since this reference gene shows considerably higher stability indices compared 

to the other reference genes in both NormFinder and BestKeeper algorithms. Furthermore, B 

elements and B2m were amongst the least favorably ranked genes in cortical tissue, crossing 

the geNorm M threshold value. NormFinder and BestKeeper algorithms both appear to confirm 

this finding, with distinctly higher stability indices for B elements as well as B2m. In addition, 

when both B1 and B2 were included, B1 had a higher ranking compared to B2 in hippocampus, 

while both SINEs were ranked as the two least stably expressed transcripts in cortex (Figure 
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4.5D-F). As the BestKeeper algorithm is limited to 10 genes, B2m was excluded from the 

analysis since it was the least stably expressed transcript according to both geNorm and 

NormFinder. 

 

Figure 4.5 – Stability ranking of both B elements and reference genes according to geNorm, NormFinder 

and BestKeeper. A, B, C depict findings in hippocampus, while D, E, F, illustrate results in cortex. The higher 

the stability value on the y-axis, the less stably the corresponding gene is expressed. For geNorm analyses, the 

proposed geNorm M value cutoff of 0.50 is indicated by the dotted line. In case of BestKeeper analysis, B2m was 

not included as the algorithm is limited to a maximum of 10 genes and B2m was the least stably expressed reference 

gene as reported by geNorm and NormFinder. Abbreviations: Actb = Beta-actin, B2m = Beta-2-microglobulin, 

Gapdh = Glyceraldehyde-3-phopshate dehydrogenase, geNorm M = Average expression stability, Gusb = Beta-

glucuronidase, Hprt = Hypoxanthine guanine phosphoribosyl transferase, Pgk1 = Phosphoglycerate kinase 1, 

Rpl13a = Ribosomal protein L13A, Tbp = TATA-box binding protein, Ywhaz = Tyrosine 3-

monooxygenase/tryptophan 5-monooxygenase activation protein zeta. 

4.3.4 Rank aggregation analysis 

Although the ranking of all analyzed genes was fairly similar within tissue type, some genes 

performed differently when ranks were compared across algorithms. A final overall ranking 

including either B1 or B2, indicated that in hippocampus of the APP23 model, Rpl13a showed 

the most stable expression, followed by Gapdh and Actb. When a combination of both B 

elements was included, B1 was ranked as the fourth most stably expressed gene transcript, 

while B2 was ranked sixth. In cortex, Actb, Tbp and Ywhaz, showed the most stable transcript 

levels overall, whereas B1 and B2 were ranked last. 
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Hippocampus Cortex 
geNorm NormFinder BestKeeper geNorm NormFinder BestKeeper 

Rank-Gene geNorm M Rank-Gene 
Stability 
Value Rank-Gene 

1-Correlation 
coefficient Rank-Gene geNorm M Rank-Gene 

Stability 
Value Rank-Gene 

1-Correlation 
coefficient 

B1 compared to reference genes 
1 – Gapdh 0.161 1 – Rpl13a 0.173 1 – Rpl13a 0.045 1 – Actb 0.253 1 – Hprt 0.087 1 – Actb 0.079 
2 – Actb 0.168 2 – Hprt 0.279 2 – Gapdh 0.070 2 – Ywhaz 0.261 2 – Tbp 0.160 2 – Tbp 0.083 
3 – Ywhaz 0.171 3 – B1 0.296 3 – Actb 0.072 3 – Tbp 0.269 3 – Gapdh 0.183 3 – Gapdh 0.085 
4 – Rpl13a 0.201 4 – Gapdh 0.297 4 – Pgk1 0.074 4 – Gapdh 0.305 4 – Ywhaz 0.220 4 – Hprt 0.111 
5 – B1 0.219 5 – Actb 0.341 5 – B1 0.084 5 – Hprt 0.348 5 – Actb 0.313 5 – Ywhaz 0.113 
6 – Pgk1 0.232 6 – Gusb 0.412 6 – Hprt 0.131 6 – Pgk1 0.388 6 – Pgk1 0.346 6 – Pgk1 0.115 
7 – Tbp 0.260 7 – Pgk1 0.425 7 – Ywhaz 0.147 7 – Rpl13a 0.416 7 – Rpl13a 0.440 7 – Rpl13a 0.129 
8 – Hprt 0.288 8 – Tbp 0.428 8 – Tbp 0.165 8 – Gusb 0.444 8 – Gusb 0.452 8 – Gusb 0.267 
9 – Gusb 0.324 9 – Ywhaz 0.435 9 – Gusb 0.182 9 – B2m 0.517 9 – B2m 0.628 9 – B1 0.341 
10 – B2m 0.423 10 – B2m 1.199 10 – B2m  0.537 10 – B1 0.653 10 – B1 8.012 10 – B2m 0.530 
B2 compared to reference genes 
1 – Gapdh 0.161 1 – Rpl13a 0.172 1 – Rpl13a 0.042 1 – Actb 0.253 1 – Hprt 0.059 1 – Actb 0.080 
2 – Actb 0.168 2 – Hprt 0.281 2 – Gapdh 0.065 2 – Ywhaz 0.261 2 – Tbp 0.148 2 – Tbp 0.082 
3 – Ywhaz 0.171 3 – Gapdh 0.288 3 – Actb 0.069 3 – Tbp 0.269 3 – Gapdh 0.152 3 – Gapdh 0.091 
4 – Rpl13a 0.201 4 – Actb 0.337 4 – Pgk1 0.073 4 – Gapdh 0.305 4 – Ywhaz 0.199 4 – Ywhaz 0.110 
5 – Pgk1 0.220 5 – B2 0.367 5 – Hprt 0.131 5 – Hprt 0.348 5 – Actb 0.232 5 – Hprt 0.129 
6 – B2 0.253 6 – Gusb 0.418 6 – Pgk1 0.141 6 – Pgk1 0.388 6 – Rpl13a 0.312 6 – Pgk1 0.142 
7 – Tbp 0.277 7 – Tbp 0.423 7 – Rpl13a 0.160 7 – Rpl13a 0.416 7 – Gusb 0.333 7 – Rpl13a 0.151 
8 – Hprt 0.302 8 – Ywhaz 0.425 8 – Gusb 0.176 8 – Gusb 0.444 8 – Pgk1 0.450 8 – Gusb 0.154 
9 – Gusb 0.337 9 – Pgk1 0.429 9 – B2m 0.196 9 – B2m 0.517 9 – B2m 0.571 9 – B2 0.474 
10 – B2m 0.435 10 – B2m 1.203 10 – B2 0.550 10 – B2 0.684 10 – B2 3.308 10 – B2m 0.515 

Table 4.3 – Stability ranking of single B elements and RGs according to geNorm, NormFinder and BestKeeper in hippocampus and cortex. Gene ranks indicate the 

stability of gene expression, with 1 corresponding to the most stable gene, and 10 to the least stable. Abbreviations: Actb = Beta-actin, B2m = Beta-2-microglobulin, Gapdh = 

Glyceraldehyde-3-phopshate dehydrogenase, geNorm M = Average expression stability, Gusb = Beta-glucuronidase, Hprt = Hypoxanthine guanine phosphoribosyl transferase, 

Pgk1 = Phosphoglycerate kinase 1, Rpl13a = Ribosomal protein L13A, Tbp = TATA-box binding protein, Ywhaz = Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 

activation protein zeta. 
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Since B1 and B2 had a very distinct stability in hippocampus compared to cortex, they were 

excluded from analysis when an overall ranking across tissues and across algorithms was 

performed, to obtain an indication of the most stable gene transcripts in experiments 

investigating gene expression levels in cortex and hippocampus. This rank aggregation returned 

Actb as the most stably expressed transcript, followed by Gapdh and Ywhaz (Table 4.4). 

Rank Reference gene 
1 Actb 
2 Gapdh 
3 Ywhaz 
4 Hprt 
5 Tbp 
6 Rpl13a 
7 Pgk1 
8 Gusb 
9 B2m 

Table 4.4 – Final stability ranking of reference genes after rank aggregation analysis implementing the 

Cross-Entropy (CE) Monte-Carlo algorithm with Spearman’s foot-rule distance across algorithms and 

tissue types. Rank 1 corresponds to the most stably expressed reference genes, while rank 9 represents the least 

stable reference gene.  

4.3.5 Number of reference genes to be included 

The pairwise variation between normalization factors (NFs) incorporating n and n+1 reference 

genes, was lower than the proposed cutoff value of 0.15 for all n (Figure 4.6). For hippocampal 

as well as cortical tissue, the pairwise variation between NFs containing two and three reference 

genes was smaller than 0.15, indicating that the addition of a third gene was not required. 

However, the geNorm V values were consistently higher in cortex (Figure 4.6B and Figure 

4.7C and D) compared to hippocampus (Figure 4.6A and Figure 4.7A and B), regardless of the 

number of candidate reference genes. 

4.3.6 Normalized expression of B elements and APP 

Since the results of the geNorm V analysis indicated that two reference genes should be 

included in the normalization panel, and as rank aggregation indicated the best reference genes 

in either tissue, we normalized expression levels of B1 and B2 to the optimal NF in 

hippocampus (Gapdh and Rpl13a) and cortex (Actb and Tbp). Both SINEs are characterized by 

a stable expression in hippocampus across age and genotype, whereas in cortex, more 

variability across experimental conditions could be observed (Figure 4.8). These observations 
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Figure 4.6 – Pairwise variation of NFs upon inclusion of an additional reference gene. geNorm analyses were 

performed in hippocampal tissue (A) and cortex (B), incorporating both B elements. The optimal number of 

reference genes is indicated by the cutoff value of 0.15, below which the benefit of including an (n+1)th reference 

gene is limited. Abbreviations: NF = normalization factor, V(n/n+1) = Pairwise variation between normalization 

factors incorporating a consecutive number of reference genes. 

 

Figure 4.7 – Pairwise variation of NFs upon inclusion of an additional reference gene. geNorm analyses were 

performed in hippocampal tissue (A, B) and cortex (C, D), with either B1 or B2. The optimal number of reference 

genes is indicated by the cutoff value of 0.15, below which the benefit of including an (n+1)th reference gene is 

limited. Abbreviations: NF = Normalization factor, V(n/n+1) = Pairwise variation between normalization factors 

incorporating a consecutive number of reference genes. 
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Figure 4.8 – Normalized expression levels of B1 and B2 in WT (n=5) and HET (n=5) mice by age group, to 

a normalization factor including Gapdh and Rpl13a in hippocampus, and Actb and Tbp in cortex. Data are 

represented as box and whisker plots with minimum and maximum values. Abbreviations: Actb = Beta-actin, 

Gapdh = Glyceraldehyde-3-phosphate dehydrogenase, HET = heterozygous, M = Months, NRQ = normalized 

relative quantities, Rpl13a = Ribosomal protein L13A, SD = Standard deviation, Tbp = TATA-box binding protein, 

W = Weeks, WT = Wild-type. 

were corroborated by the results of a two-way ANOVA, with non-significant effects of age [(F 

(2, 24) = 0.703; p = 0.505) and (F (2, 24) = 0.071; p = 0.932)] and genotype [(F (1, 24) = 0.163; 

p = 0.690) and (F (1, 24)=0.158; p = 0.695)] on log-transformed NRQs of B1 and B2, 

respectively. Furthermore, no significant interaction effects between age and genotype were 

found for normalized expression of B1 (F (2, 24) = 0.104; p = 0.902) and B2 (F (2, 24) = 0.128; 

p = 0.880) in hippocampal tissue. Welch’s ANOVA indicated a non-significant age effect on 

B1 levels in the cortex (Welch’s F (2, 15.707) = 1.12; p = 0.352). An independent samples t-

test indicated no significant effect of genotype on normalized B1 expression levels (T (28) = -

1.182; p = 0.247). Similar results were found for B2, without significant effects of age (F (2, 

24) = 1.389; p = 0.269) nor genotype (F (1, 24) = 0.009; p = 0.927), as well as a non-significant 

interaction term (F (2, 24) = 1.218; p = 0.313).  

In addition, normalized expression of APP in hippocampus and cortex was also determined 

using previously determined optimal NF for each tissue (Figure 4.9). Transgenic APP23 

animals were characterized by a (8.5 ± 0.9)-fold, (11.0 ± 3.0)-fold, and (10.2 ± 2.2)-fold 

overexpression of APP in hippocampal tissue of HET mice aged 6-8 weeks, 6 months and 24 

months, respectively. Conversely, in cortical tissue, APP levels were expressed (2.1 ± 1.0)- fold 
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in HET compared to WT animals aged 6-8 weeks, while a (3.8 ± 4.1)-fold and (19.4 ± 15.0)-

fold overexpression were found in HET mice aged respectively 6 and 24 months. The results 

of a two-way ANOVA showed a significant effect of age (F (2, 24) = 9.162; p = 0.001) and 

genotype (F (1, 24) = 1849.160; p < 0.001) on normalized APP levels in hippocampus, while 

the difference between WT and HET animals was not significantly influenced by age (F (2, 24) 

= 2.173; p = 0.136). Regardless of genotype, differences in APP expression were found between 

the youngest age group (6-8 weeks) and the 6- (p = 0.001) and 24-month-old (p = 0.011) groups 

after Tukey’s post-hoc tests. In contrast, NRQs of APP in WT versus HET animals were 

differently influenced by age in cortical tissue (F (2, 22) = 6.291; p = 0.007), despite a non-

significant effect of age on APP levels (F (2, 22) = 1.676; p = 0.210) regardless of genotype. 

Genotype, however, did have a highly significant effect on APP expression in the cortex (F (2, 

22) = 47.827; p < 0.001). 

 

Figure – 4.9 (A) Normalized expression levels of APP in WT and HET mice aged 6-8 weeks, 6 months and 24 

months. (B) Normalized expression of APP in pooled age groups. (C) Normalized expression of APP levels in 

pooled genotype groups. In all cases, APP was normalized to the optimal normalization panel in each tissue. For 

analyses in hippocampus, five WT and HET animals were included in all age groups, whereas for cortex, the 6-

8W and 24M WT groups contained four mice. Data are represented as mean ± SD, whereas statistical analyses 

were performed on log-transformed data. Statistical differences with p < 0.05 and p ≤ 0.001, are indicated by 

respectively one and two asterisks. Abbreviations: APP = Amyloid precursor protein, HET = Heterozygous, M = 

Months, NRQ = Normalized relative quantities, W = Weeks, WT = Wild-type. 
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To investigate the use of B elements as a novel normalization approach, we also compared the 

APP expression profile across genotypes when normalized to B1, B2, and a combination of 

these B elements (Figure 4.10). We found that the overexpression levels of APP in 

hippocampus were (9.8 ± 3.3)-fold, (10.3 ± 3.6)-fold, (10.1 ± 3.3)-fold, and (10.0 ± 2.7)-fold, 

when respective NFs containing B1, B2, B1 and B2, or Rpl13a and Gapdh, were implemented. 

In cortex, overexpression of APP in HET compared to WT animals was (6.1 ± 5.2)-fold, (6.9 ± 

4.9)-fold, (6.5 ± 4.7)-fold, and (6.7 ± 8.1)-fold when B1, B2, a combination of these SINEs, or 

the optimal combination of Actb and Tbp were used as NF, respectively. 

 

Figure 4.10 – APP overexpression levels in hippocampus and cortex. For hippocampus, NRQs of WT (n=15) 

versus HET (n=15) animals were obtained using four NFs, including either B1, B2, a combination of B1 and B2, 

and the optimal combination of Rpl13a and Gapdh. In case of cortical tissue, 13 WT and 15 HET animals were 

included for the analysis of APP levels normalized to B1, B2, a combination of these B elements, and the optimal 

NF comprising Actb and Tbp. Data are represented as mean ± SD. Abbreviations: APP = Amyloid precursor 

protein, Gapdh = Glyceraldehyde-3-phosphate dehydrogenase, HET = Heterozygous, NFs = Normalization 

factors, NRQ = Normalized relative quantities, Rpl13a = Ribosomal protein L13A, SD = Standard deviation, WT 

= Wild-type. 

4.4 Discussion 

4.4.1 Strengths and limitations 

Our study comprised three equally sized age groups, from juvenile to old age, comprising WT 

and HET animals of the well characterized APP23 amyloidosis mouse model, thus introducing 

a considerable amount of biological variation and facilitating statistical analysis [50, 51]. In 

addition, nine commonly used reference genes were analyzed in conjunction with two SINEs, 

using three independent gene ranking algorithms. Since those three algorithms indicated 
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slightly different rankings, rank aggregation was performed to retrieve a final ranking of all 

reference genes and B elements combined, adding further reliability to our study. Apart from 

gene stability analysis, we also conducted a normalization approach implementing B elements 

to investigate the expression of APP, which is known to be overexpressed in HET relative to 

WT mice. Despite the fact that no protein-level analyses were conducted, our study adds 

relevant information to the characterization of the APP23 model, unambiguously reporting APP 

transgene mRNA levels in transgenic versus WT mice. 

A study aspect conceived as both a strength and a limitation, is that regional brain dissection 

was applied to collect brain samples. Although we have ample expertise in doing so and 

although this technique was performed with great precision, it gives rise to a larger amount of 

unwanted variability compared to other techniques such as laser capture microdissection. 

Moreover, the BestKeeper algorithm does not produce a gene ranking by itself. Other rankings, 

e.g. based on coefficient of variation and standard deviation, might give rise to alternative 

results. However, we believe that a gene ranking analysis should preferentially be based on the 

relation between genes or a measure taking into account distinct sources of variation, and, 

therefore, we chose to implement the correlation coefficient between each candidate reference 

gene and the BestKeeper Index. 

4.4.2 Stability of B elements and commonly used reference genes in 

hippocampus and cortex 

In both hippocampus and cortex, the results of the gene stability analysis were comparable 

between the three distinct algorithms, with B elements having stability values lower than the 

geNorm threshold value of 0.5 in hippocampus, while in cortex, their expression levels were 

less stable compared to the reference genes, with stability values near or above the threshold. 

Two of the most implemented reference genes in literature, Actb and Gapdh, were in the top 5 

of most stably expressed transcripts, with geNorm M values far below the threshold value, 

regardless of tissue type [58, 59]. Moreover, in the final rank merging all analysis methods and 

tissues, and including only commonly applied reference genes, Actb and Gapdh were classified 

as the most stable candidate genes. These results do not entirely comply with previous reports 

on reference gene stability in the literature. A study investigating the expression stability of six 

commonly reported reference genes in brain regions of mice at postnatal day 7 and at 6 months 

of age, found that Gapdh was ranked sixth of all analyzed genes in the latter age group, with a 

geNorm M value of 13.396 [60]. However, it should be noted that 6-month-old CD-1 mice were 
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first anesthetized by inhalation of isoflurane, followed by decapitation and brain collection, 

while our results were obtained in transgenic mice with a C57BL/6J background and in the 

absence of potentially interfering anesthetics. Indeed, inhalation anesthesia with isoflurane has 

been reported to induce changes in mRNA, even after a short time span [61]. In contrast, another 

report, focusing on the stability of reference genes in the developing mouse brain, indicated that 

Actb was the second most stably expressed reference gene in the male developing C57BL/6 

mouse brain across time points ranging from embryonic day 11.5 until 15.5, with a GeoMean 

score of 2.73 [62]. As our study pinpointed aging and disease progression rather than 

development, and since we used a distinct method of euthanasia along with a different mouse 

model, it is difficult to compare our results with the findings of these previous studies. 

4.4.3 Tissue-specific differences in stability of B elements 

When B1 and B2 were normalized to the ideal normalization panel in hippocampus and cortex, 

both SINEs showed stable expression across hippocampal samples. Although still moderately 

stable, these SINEs were characterized by a lesser stability in cortex compared to hippocampus. 

Surprisingly, no significant effects of age or genotype were found in normalized B1 nor B2 

levels in the cortex, while their mean values vary considerably (Figure 4.8). Possibly, the 

variation in normalized levels of the B elements was too high to detect a statistically significant 

difference. Although the macroscopic dissection method used for this work is not as accurate 

as laser capture microdissection, it is unlikely this influenced our findings. Despite the fact that 

all samples were visually checked for the presence of pieces of white matter, we cannot exclude 

the possibility that some traces were still present in the collected samples, thereby minimally 

altering the relative amount of cortex tissue. However, applying laser capture microdissection, 

would have made the tissue collection process more labor-intensive and time-consuming. 

Secondly, epigenetic changes such as DNA methylation or histone modification are hallmarks 

of genomic instability and might underlie the disparity with regard to the stability of B elements 

in hippocampus versus cortex [63]. As such, B1 elements were found to be methylated in 

somatic and embryonic cells, with a higher degree of methylation and subsequent 

transcriptional repression, compared to B2 [15, 64]. 

Besides B elements, human Alu sequences are also known methylation targets [65-67]. In 

addition, these SINEs were previously shown to exhibit age- and tissue-specific differential 

methylation [68-71]. One study even showed that methylation differences between brain areas 

were more apparent than differences in methylation profile with respect to age, gender, 

postmortem delay, race, diagnosis, or cause of death [72]. 
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Since we did not generate proof of the nature, nor the direction of epigenetic changes, we can 

only speculate that a tissue-specific differential degree of epigenetic signaling across age groups 

and, possibly, genotypes, underlies the differences in the stability of B elements in cortex versus 

hippocampus. However, to the best of our knowledge, no reports exist of distinct age-or 

genotype-related epigenetic regulation of SINE expression in brain areas of the APP23 model. 

Since the first amyloid beta (Aβ)-plaques appear in the frontal cortex of HET APP23 mice aged 

6 months, preceded by an increase in soluble Aβ oligomers from the age of 6-8 weeks onwards, 

one could hypothesize that this brain region displays early epigenetic changes as a consequence 

of initial Aβ exposure, as was previously suggested in female mice of the 5xFAD model and in 

murine cerebral endothelial cells exposed to synthetic Aβ1-40 peptides [51, 73-76]. However, 

one would also expect similar alterations in hippocampal samples of older age groups of the 

APP23 model, as amyloid plaques are present in virtually all brain regions in HET APP23 mice 

aged 24 months [51]. Thus, it remains unclear why B elements are less stably expressed in 

cortex compared to hippocampus. 

4.4.4 APP overexpression to validate the use of B elements as a 

normalization approach 

Previously, the transgene in APP23 HET animals was reported to be 7-fold overexpressed 

relative to endogenous APP mRNA, as determined by semi-quantitative PCR and confirmed 

by western blot experiments [50, 51]. However, it is unclear if these expression levels were 

determined across several ages or in a single age group. The use of a semi-quantitative 

technique, along with the number of tissue samples included in these analyses, further hamper 

a straightforward comparison of our APP overexpression data with these initially reported 

results. However, regardless of age, APP was at least 2-fold overexpressed in HET relative to 

WT animals in the cortex of the youngest age group, while an increasing trend was observed in 

the older groups (Figure 4.9). Conversely, tissue samples derived from hippocampus showed a 

relatively constant expression of APP in all age groups. Thus, as suggested in the original paper 

describing the APP23 model, crossing a certain threshold expression of APP bearing human 

disease-associated mutations, might represent an initial incentive for neuropathology [50]. In 

addition, a specific threshold of 2- to 3-fold APP overexpression was previously proposed for 

successful reproduction of pathological AD-like features [77]. In the youngest age group of this 

study, APP is also overexpressed in HET versus WT animals, although no plaque-related 

neuropathology is present at this age. However, as stated previously, high levels of soluble Aβ 

oligomers were found at this early stage as a possible result of initial APP overexpression [73]. 
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Lastly, when hippocampal APP levels were not only normalized to the ideal panel of reference 

genes, but also to B1, B2, or a combination of both (Figure 4.10), the overexpression of human 

APP was almost identical across all normalization strategies, indicating that these SINEs can 

indeed be adopted as a novel normalization approach in hippocampus. In cortex, the results of 

Figure 4.10 appear to indicate that B1, B2 and a combination of these SINEs are superior to the 

previously determined optimal NF consisting of Actb and Tbp. However, one should bear in 

mind that this Figure depicts normalized APP levels and that the large standard deviation of 

APP NRQs, when the optimal NF was used for normalization purposes, might just reflect a 

large biological variation of APP levels in the cortex of HET mice. In this aspect, B elements 

as NF in cortex might fail to indicate the actual results, leading researchers to draw incorrect 

conclusions. Conversely, a recent paper showed that 11 expressed repeat elements in mice, 

other than B1 and B2 (amongst others lower in copy number), were superior to commonly used 

reference genes in the literature with respect to normalization purposes in a wide range of 

experimental setups [23]. Thus, as contemporary research is providing growing evidence 

concerning the applicability of repeat elements with respect to normalization of mRNA 

expression levels in various conditions, they might become increasingly popular as reference 

targets [23, 25, 27, 78]. 

4.5 Conclusion 

In conclusion, this study emphasizes the importance of validating reference genes in distinct 

tissue types for optimal normalization results. The expression levels of B elements and APP 

varied to a much larger extent in cortex compared to hippocampus, which might be due to 

epigenetic alterations. In addition, we provide first evidence for the use of mouse B elements 

as an alternative normalization approach in hippocampus, but not cortex, of the APP23 

amyloidosis mouse model. 
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Abstract 

Globally, over 50 million people are affected by epilepsy, which is characterized by the 

occurrence of spontaneous recurrent seizures. Almost one-third of the patients show resistance 

to current anti-epileptic drugs, making the exploration of new molecular targets necessary. An 

interesting target may be Homer1, due to its diverse roles in epileptogenesis and synaptic 

plasticity. Indeed, Homer1 regulates group I metabotropic glutamate (mGlu) receptors (i.e. 

mGlu1 and mGlu5) scaffolding and signaling in neurons.  

In the present work, using the systemic kainic acid (KA)-induced status epilepticus (SE) model 

in adult rats, we investigated the mRNA and protein expression patterns of the mGlu5 receptor, 

Homer1a and Homer1b/c at 10, 80 and 120 days post-SE (i.e. T10, T80 and T120). 

Epileptogenesis was validated by electrophysiological recordings of seizures via 

electroencephalography (EEG) monitoring and through upregulation of glial fibrillary acidic 

protein.  

At the protein level, the mGlu5 receptor was downregulated in the late latent phase (T10) and 

the early- and late exponential growth phase (T80 and T120, respectively), which was best 

observed in the hippocampal CA1 region. At mRNA level, significant downregulation of the 

mGlu5 receptor was only detected in the late exponential growth phase. Homer1a expression 

did not change at any investigated time point. Interestingly, Homer1b/c was only 

downregulated in the late latent phase, a period where spontaneous seizures are extremely rare.  

Thus, this phase-specific downregulation may be indicative of an endogenous neuroprotective 

mechanism. In conclusion, these results suggest that Homer1b/c may be an interesting 

molecular target to prevent epileptogenesis and/or control seizures. 
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5.1 Introduction 

Epilepsy, one of the most common neurological disorders, is characterized by the occurrence 

of spontaneous recurrent seizures (SRS) and affects more than 50 million people worldwide [1-

3]. The most common type of focal epilepsy in adults is temporal lobe epilepsy (TLE). Patients 

with TLE present complex partial seizures originating from the hippocampus, amygdala or 

entorhinal cortex, with or without secondary generalization [4-6]. The development of TLE, i.e. 

epileptogenesis, is frequently associated with an initial brain insult, such as trauma, 

encephalitis, febrile convulsions or status epilepticus (SE), which trigger a cascade of cellular 

molecular events. After a latent seizure-free period spontaneous seizures start to emerge. 

Nowadays, many anti-epileptic drugs (AEDs) are available to control and/or reduce the 

occurrence of the seizures [4]. Nevertheless, one-third of the epilepsy patients are drug-

resistant, with TLE being the most refractory form in adults [7-9].  

Interestingly, Homer proteins and metabotropic glutamate (mGlu) receptors have been linked 

to epilepsy, thus emerging as putative molecular targets for the development of novel AEDs 

[10, 11]. Homer proteins are important regulators of scaffolding and signaling processes in 

postsynaptic neurons. These proteins are classified as short (Homer1a and Ania3) and long 

(Homer1b/c, Homer2 and Homer3) isoforms [12]. Homer proteins have an N-terminal part with 

an Ena/vasodilator-stimulated phosphoprotein (Ena/VASP) homology 1 (EHV1) binding 

domain, which physically interacts with proline-rich sequences (Pro-Pro-x-x-Phe) of group I 

mGlu receptors (i.e. mGlu1 and mGlu5), inositol-1,4,5-triphosphate (IP3) receptors and N-

methyl-D-aspartate (NMDA) receptor components, amongst others [13-17]. Long Homer 

isoforms contain a C-terminal coiled coil domain and two leucine zipper motifs, which mediate 

homo- or heterophilic interactions with Homer family members [12]. Interestingly, the long 

Homer isoforms act via a complex and facilitate direct or indirect cross-talk or signal 

transduction between group I mGlu and other membrane receptors. In TLE models, mGlu5 

receptor downregulation has been reported to result in a reduction of mGlu5-specific long-term 

depression (LTD), where downregulated Homer1b/c reduced the amount and severity of the 

seizures [18, 19]. In contrast, the short Homer isoforms lack the coiled-coil domain and 

competitively bind to mGlu receptors in a dominant negative manner. This results in 

disassembly of the glutamatergic complex and uncoupling of group I mGlu receptors from the 

postsynaptic signal transduction machinery [20]. Homer1a upregulation has been suggested as 

an endogenous anti-epileptogenic mechanism [21]. In addition, anticonvulsant and 

neuroprotective effects have been demonstrated upon activation of group II mGlu receptors (i.e. 
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mGlu2 and mGlu3), which inhibit the release of presynaptic glutamate [22-24]. The roles of 

mGlu receptors and Homer proteins makes them interesting molecular targets for the 

development of novel AEDs [25].  

In the present study, the systemic kainic acid (KA) post-SE rat model of TLE was used to 

determine the gene expression of mGlu1, mGlu2, mGlu5, Homer1a and Homer1b/c in the late 

latent, early- and late exponential growth phases of epileptogenesis (i.e. 10, 80 and 120 days 

post-SE, respectively). Here, we focus on the hippocampus, an essential brain structure for the 

generation of spontaneous seizures in this model [4, 26-28]. Although the expression of mGlu5 

receptor, Homer1a and Homer1b/c has been examined in various TLE models, there are no or 

only limited data available for the systemic KA-induced rat model [18, 19, 21, 29-32]. To our 

knowledge, this is the first study to report on expression levels of hippocampal mGlu receptors 

and Homer1 isoforms in the systemic KA-induced SE rat model. 

5.2 Materials and methods 

5.2.1 Animals 

Nine weeks old male Sprague-Dawley rats (Harlan Laboratories B.V., the Netherlands) 

weighing 252.4 ± 38.1 g were treated according to the guidelines of the European Communities 

Council Directive (2010/63/EU). The animals were conventionally housed in a temperature-

controlled (20-23°C) and humidity-controlled (50%) environment under a 12h/12h light/dark 

cycle, where food and water intake was ad libitum. The study protocol was approved by the 

Animal Experimental Ethical Committee of Ghent University Hospital (ECD 16/06). All efforts 

were made to minimize animal suffering and the number of animals used in this study. 

5.2.2 Electrode implantations 

The rats (n=27), which were assigned for EEG monitoring, received buprenorphine (0.03 

mg/kg, i.p., Temgesic; Reckitt Benckiser Healthcare Ltd., Hull, UK) and were anesthetized 

with 5% and 2% isoflurane (Affygility Solutions, Broomfield, CO, USA), respectively before 

and during electrode implantation. A total of 10 holes were drilled after exposure of the skull; 

one for an epidural screw electrode above the right frontal cortex, one for the reference/ground 

electrode over the right cerebellum, one for a left-sided hippocampal EEG recording electrode, 

one for a right-sided hippocampal EEG recording electrode and six for the positioning of anchor 

screws (1.57 mm diameter; Bilaney Consultants GmbH, Düsseldorf, Germany). The EEG 

electrodes were implanted relative to the Bregma at -5.6 mm AP, -5.9 mm DV and ±5.1 mm 
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ML (Paxinos and Watson, 1998) [33]. The electrodes contained two polyimide coated stainless 

steel wires with a diameter of 70 µm (CFW, CA, USA) and a distance between the recording 

tips of 500 µm. The electrode leads were wired to a connector, which was fixed to the skull 

with screws and acrylic dental cement. To reduce inflammation, the rats were given with 

Metacam (1.0 mg/kg, subcutaneously, Boehringer-Ingelheim Vetmedica GmbH, Germany). 

The rats were allowed to recover from the surgery before KA was injected to induce SE. 

5.2.3 Status epilepticus induced by kainic acid 

All the rats were randomly assigned to a control group (n=16) or to be administered with KA 

(n=47). The rats received 1-6 times KA (5 mg/kg; Tocris Bioscience, Bristol, UK) by i.p. 

injections to induce SE according to the protocol of Hellier et al., 1998 [34]. The KA treatment 

was repeated hourly until the animals displayed a stable self-sustained SE for ≥3 hours (i.e., 

>10 behavioral seizures per hour). Animals that exhibited excessive motor or excessive 

lethargic behavior were not injected with KA anymore to avoid mortality [27, 34]. The rats 

were euthanized after 10 (T10, n=16), 80 (T80, n=18) or 120 days (T120, n=13) post-SE. The 

control rats were injected i.p. with saline and were sampled after 10 (control latent phase, n=6) 

or 120 days (controls exponential growth phase, n=10). Animals used for RT-qPCR and 

immunoblotting (i.e. KA-administered rats, n=19, and control rats, n=12) were anesthetized via 

5% isoflurane followed by decapitation and hippocampi dissection on an ice-cold plate, the left 

and right parts being stored separately at -80°C until further use. All other animals were used 

for EEG recordings (see 5.2.4) or immunofluorescence (see 5.2.8). 

5.2.4 EEG recordings and seizure analysis 

The EEG recordings were performed as described previously [27]. Briefly, hippocampal EEG 

recording electrodes recorded the EEG signals with sampling rate set at 2 kHz. The recordings 

were started before the first KA administration and monitored continuously until day 10 (T10, 

n=10) or 31 days before and until day 80 and 120 (T80 and T120; early- and late exponential 

growth phase, n=8 and n=5 respectively) post-SE. On a weekly basis, the EEG recordings were 

temporarily interrupted for 30 minutes, to allow cleaning of the cages and refreshing of food 

and water. An experienced investigator annotated the seizures, which were defined as rhythmic 

spiking activity episodically with high frequencies of >5 Hz and high amplitudes (i.e. >3 

baseline) during at least 10 seconds. The end of a seizure was defined by a final spike [27, 35]. 

Based on these annotated seizures the mean daily seizure rate was determined during the entire 

period for each time point.  
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5.2.5 RT-qPCR 

RT-qPCR was performed as described previously [26]. Briefly, total RNA was isolated from 

left hippocampi with the RNeasy® Plus Universal Mini Kit (Qiagen, Hilden, Germany), 

according to the manufacturer’s instructions. The RNA samples were treated with the 

Heat&Run gDNA removal kit (ArticZymes, Tromsø, Norway). Subsequently, RNA was 

converted to cDNA using Oligo(dT)18 primers (Cell Signaling, Danvers, MA, USA) and         

M-MLV Reverse Transcriptase (Promega, Madison, WI, USA), according to the 

manufacturer’s protocol. In parallel, DNA contamination was controlled for by omitting the 

reverse transcriptase from the procedure. The primers used in this study were published or 

designed in-house (Table 5.1) [26, 36-40]. 

Symbol 5’-3’ sequence Reference 
Amplicon 

Length (bp) 
PCR 

efficiency (%) 

B1 Element ACGCCTTTAATCCCAGCACTC 
GAACTCACTCTGTAGACCAGGCTG 

Veniaminove et 
al., 2007 81-83 98.9 

Gapdh CCCATTCTTCCACCTTTGATGCT 
CTGTTGCTGTAGCCATATTCAT NM_017008.3 104 95.0 

Gfap AACCGCATCACCATTCCTGT 
CATCTCCACCGTCTTTACCAC NM_017009.2 123 97.7 

Homer1a CCAGAAAGTATCAATGGGACAGATG 
TGCTGAATTGAATGTGTACCTATGTG AJ276327.1 123 99.3 

Homer1b/c TCCGTCTAGCAGCCAAGC 
TCTGTTGACGGTATTTCCTGTT NM_031707.1 148 96.3 

mGlu1 
CCAGCACCAAGACCCTTTACA 
TCGGTGCACCACCATAGAAG NM_001114330.1 95 98.8 

mGlu2
* CCTCTTTGCACCCAAGTTGC 

ACTGGGATCCAGACCCTTGA NM_001105711.1 137 100.8 

mGlu5 
TTGTGGCAGCGACTGTCTGT 

TCTTGGGAAAGGGTTTGATGA NM_017012.1 79 108.4 

Pgk1 ATGCAAAGACTGGCCAAGCTAC 
AGCCACAGCCTCAGCATATTTC NM_053291 104 95.8 

Rp113a GGATCCCTCCACCCTATGACA 
CTGGTACTTCCACCCGACCTC NM_173340 132 95.2 

Table 5.1 – Information of the primers used for the RT-qPCR. * = in-house designed primer. 

The RT-qPCRs were performed in white 96-well plates using the LightCycler 480 Instrument 

(Roche Diagnostics, Mannheim, Germany). The two-step amplification protocol of the real-

time PCRs was as follows: initial denaturation at 95°C for 5 minutes and 40 cycles of 95°C for 

15 seconds and 60°C for 45 seconds. At the end of each cycle a light signal was acquired. The 

specificity of product formation was confirmed by a melting curve analysis. The Cq values 

were determined in technical triplicates with the LightCycler software v1.1.5 (Roche Applied 

Science, Mannheim, Germany) according to the second derivative method. 
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5.2.6 Immunoblotting 

The isolated right hippocampi were separately placed in ice-cold 50 mM Tris-HCl (pH 7.4) 

containing Protease inhibitor cocktail III (1:1000, J64156-XF; Alfa Aesar, Haverhill, MA, 

USA). Samples were homogenized with a polytron at setting six for three periods of 10 seconds. 

Then, the homogenates were centrifuged at 1.000 x g for 10 minutes (4°C). The supernatants 

were transferred to new Eppendorfs and centrifuged at 12.000 x g for 30 minutes (4°C). The 

pellets were resuspended in 0.5 ml extraction buffer (100 mM NaCl, 50 mM Tris-HCl with 

pH.7.4, 1% Triton X-100, 0.5% sodium dodecyl sulfate (SDS) and 1.3 mM EDTA) and rotated 

in a cold room for an hour. Subsequently, the Eppendorfs were centrifuged at 12.000 x g for 30 

minutes (4°C) and the supernatants were transferred to new Eppendorfs. Protein concentrations 

were determined using the bicinchoninic acid assay (BCA) protein assay (Pierce 

Biotechnology, Rockford, IL, USA). 

In order to detect protein expression, 4x Laemmli buffer (5% SDS, 50% glycerol, 65 mM Tris-

HCl, pH 6.8, 0.2% bromophenol blue) and fresh 10% β-mercaptoethanol was added to each 

sample with total protein concentrations of 30 µg. The samples were denatured at 37°C for 10 

minutes, loaded onto 8.5 or 12% polyacrylamide 10-well gels and resolved on SDS-

polyacrylamide gel electrophoresis (SDS-PAGE). After transfer onto nitrocellulose membranes 

(Amersham Protran, GE Healthcare Life Sciences, Freiburg, Germany), the blots were blocked 

in phosphate buffered saline (PBS; 1.47 mM KH2PO4, 8.07 mM Na2HPO4, 137 mM NaCl, 0.27 

mM KCl with pH 7.2) with Odyssey Blocking Buffer in PBS (1:1, LI-COR Biosciences, Licoln, 

NE, USA) at room temperature (RT) for an hour. Subsequently, the blots were incubated with 

primary antibodies overnight (4°C). The primary antibodies used were a goat anti-Gfap 

polyclonal (1 µg/ml, #ab53554; Abcam, Cambridge, UK), a rabbit anti-mGlu5 receptor 

polyclonal (0.2 µg/ml, #AB5675; Millipore, Billerica, MA, USA), a rabbit anti-Homer1a 

polyclonal (1 µg/ml, #160013; Synaptic Systems, Göttingen, Germany), a rabbit anti-

Homer1b/c polyclonal (1 µg/ml, #ab97593; Abcam, Cambridge, UK) and a mouse anti-α-

tubulin monoclonal antibody (0.5 µg/ml, #T6074; Sigma-Aldrich, St. Louis, MO, USA). In 

order to confirm the specificity of the anti-mGlu5 receptor antibody, isolated wild-type and 

mGlu5 receptor knock-out mice hippocampi, which were a kind gift of Dr. Andrew J. Lawrence 

(The Florey Institute of Neuroscience and Mental Health, Parkville, Victoria, Australia), were 

taken along in the immunoblotting procedure. The blots were washed three times with 

PBS/0.05% Tween 20 (PBST) for 10 minutes each (RT). Then, the blots were incubated with 

the appropriate secondary antibodies (1:15.000), conjugated to IRDye680RD or IRDye800CW 
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(LI-COR Biosciences, Licoln, NE, USA), for an hour (RT). After the secondary antibody 

incubations, the blots were washed three times with PBST and two times with PBS for 10 

minutes (RT), all protected from the light. Protein bands were visualized by the Odyssey 

imaging system (LI-COR Biosciences, Licoln, NE, USA) and quantified using ImageJ (NIH, 

Bethesda, MD, USA). 

5.2.7 Immunofluorescence staining 

Several rats of the early exponential growth phase (n=3), the late exponential growth phase 

(n=2) and the control exponential growth phase (n=4) were anesthetized and perfused 

intracardially with 200 ml of ice-cold 4% formaldehyde solution (Sigma-Aldrich, St. Louis, 

MO, USA) in PBS. The brains were post-fixed in the 4% formaldehyde solution overnight 

(4°C). Subsequently, coronal sections (50 µm) were made with the Vibratome 1200S (Leica 

Lasertechnik GmbH, Heidelberg, Germany). The slices were collected and stored in an 

antifreeze solution (30% glycerol, 30% ethylene glycol in PBS with pH 7.2) at -20°C until 

further processing. 

The coronal slices were washed three times with PBS for 10 minutes (RT). Then, the slices 

were permeabilized with 0.3% Triton X-100 in PBS for 2 hours (RT). Blocking of the slices 

was performed with washing solution (PBS with 0.05% Triton X-100) containing 5% normal 

donkey serum (NDS; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) for 

2 hours (RT). Subsequently, the slices were incubated overnight at 4°C with a goat anti-Gfap 

polyclonal antibody (1:400, #ab53554; Abcam, Cambridge, UK) or a rabbit anti-mGlu5 

receptor polyclonal antibody (1:200, #AB5675; Millipore, Billerica, MA, USA) in washing 

solution with 1% NDS. In parallel, overnight incubations of slices only in washing solution 

served as negative controls. After incubation, the slices were washed three times for 10 minutes 

at RT with washing solution containing 1% NDS. Next, slices were incubated for 2 hours at RT 

with a Cy2-conjugated donkey anti-goat antibody (1:400; Jackson ImmunoResearch 

Laboratories, West Grove, PA, USA) or a Cy3-conjugated donkey anti-rabbit antibody (1:400; 

Jackson ImmunoResearch Laboratories, West Grove, PA, USA) in washing solution with 1% 

NDS. Then, the slices were washed three times with washing solution for 10 minutes (RT) and 

stained with 4',6-diamidino-2-phenylindole (DAPI, 1 µg/ml, #D9542, Sigma-Aldrich, St. 

Louis, MO, USA) for 15 minutes (RT). Finally, slices were two times washed with washing 

solution, two times with PBS for 10 minutes (RT) and preserved in Vectashield (#H-1000; 

Vector Laboratories, Burlingame, CA, USA). A Zeiss laser scanning microscope 880 (Carl 

Zeiss AG, Jena, Germany) was used to capture the images. 
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5.2.8 Statistical analysis 

All data are expressed as the mean ± SD. Numerical data were imported to GraphPad Prism 

version 6.00 for Windows (GraphPad Software, La Jolla, CA, USA). Statistical analysis was 

performed using the Mann-Whitney U test or the nonparametric ANOVA by ranks of Kruskal-

Wallis test followed by the Dunn’s multiple comparisons post-hoc test. A value of p ≤ 0.05 was 

considered as statistically significant. 

5.3 Results 

5.3.1 EEG monitoring 

According to the protocol of Hellier et al., 1998, rats (n=27) received 1-6 intraperitoneal (i.p.) 

injections of KA (5 mg/kg) until they displayed a self-sustaining SE [34]. The KA treatment 

had a mortality rate of 15%, with 23 animals remaining available for analysis. Establishment 

of the SE was confirmed via behavioral output, such as head nodding, sniffing, behavioral 

arrest, wet dog shakes, excessive salivation and repetitive chewing, repeatedly interrupted by 

generalized convulsive seizures. Then, all the differential stages of SE were detected in the KA-

induced rats via sequential electrographic patterns after a normal EEG; (i) discrete seizures with 

inter-ictal slowing, (ii) merging seizures with waxing and waning amplitude and frequency of 

EEG rhythm, (iii) continuous ictal activity, (iv) continuous ictal activity interrupted by low 

voltage flat periods and (v) periodic epileptiform discharges (data not shown) [42]. The EEGs 

were continuously recorded in the KA-induced SE animals until day 10 (T10; late latent phase), 

between day 49 and day 80 (T80; early exponential growth phase) or between day 89 and day 

120 (T120; late exponential growth phase) post-SE. The mean daily seizure rate increased from 

0.2 ± 0.3 seizures per day in the late latent phase to 9.3 ± 8.0 and 31.6 ± 26.0 seizures per day 

in the early- and late exponential growth phase, respectively (Figure 5.1). The classification 

was based on the literature, where systemic KA-injected rats were monitored via EEGs 

previously [27, 43, 44]. Seizures were limited in the late latent phase, but increased significantly 

during the epileptogenesis p ≤ 0.01, for T10 vs. T80 and p ≤ 0.001, for T10 vs. T120. The 

difference in daily seizure rate between the early- and late exponential growth phase did not 

reach significance (T80 vs. T120; p = 0.09). 
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Figure 5.1 – Hippocampal depth EEG monitoring in systemic kainic acid-induced status epilepticus adult 

rats. The seizures were measured by continuous EEG monitoring in KA-injected rats until day 10 (T10; late latent 

phase, n=10), between day 49 and day 80 (T80; early exponential growth phase, n=8) or between day 89 and day 

120 (T120; late exponential growth phase, n=5) post-SE. The results are presented as daily seizure rate ± SD and 

significance is calculated with the Kruskal-Wallis test. ** = p ≤ 0.01 and *** = p ≤ 0.001. 

5.3.2 Upregulation of glial fibrillary acidic protein 

The expression of Gfap was upregulated in the KA-induced SE rats compared to their 

corresponding controls at mRNA and protein levels in all phases (Figure 5.2). This upregulation 

seemed more pronounced in the late latent phase (control latent phase vs. T10; p ≤ 0.01), than 

in the exponential growth phases (control exponential growth phase vs. T80/T120; p ≤ 0.05 or 

p ≤ 0.01). Noteworthy, Gfap expression seemed to be preferentially upregulated in the 

hippocampal CA1 region of the exponential growth phases (Figure 5.3 and Figure 5.4).  
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Figure 5.2 – Hippocampal Gfap expression at mRNA and protein levels. (A) Gfap mRNA expression data are 

shown in relative quantities for the KA-induced SE animals compared to their corresponding control animals (i.e. 

control latent phase vs. T10 or control exponential growth phase vs. T80/T120). The references B1 element, Gapdh 

and Rpl13a were used to normalize the Gfap mRNA expression. (B) Quantitative protein expression data, based 

on the western blot (WB) analysis, are shown in relative abundance for the KA-induced SE animals compared to 

their corresponding phase control animals (i.e. control latent phase vs. T10 and control exponential growth phase 

vs. T80/T120). The α-Tubulin protein was used to normalize the Gfap protein expression. (C) Immunoreactive 

bands in the WB analysis of Gfap (~50 kDa) and α-Tubulin (~55 kDa) expression in the control latent phase, T10, 

control exponential growth phase, T80 and T120. Noteworthy, the hippocampal protein extracts of the KA-induced 

SE animals and their corresponding controls were equally divided over different gels. All the results are given in 

relative quantities/abundance, depicting mean ± SD, during the late latent phase (control latent phase (n=6) vs. 

T10 (n=6)) and exponential growth phase (control exponential growth phase (n=6) vs. T80 (n=7) and T120 (n=6)) 

and statistical significance was tested using the Mann-Whitney U test or the Kruskal-Wallis test, respectively. * = 

p ≤ 0.05 and ** = p ≤ 0.01. Abbreviation: kDa = kilodalton.  

5.3.3 Group I mGlu receptor downregulation and phase-specific mGlu2 

receptor upregulation 

A downregulation of mGlu5 receptor mRNA expression was observed in the exponential 

growth phase of the epileptogenesis, only reaching statistical significance at T120 (control  
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Figure 5.3 – Immunofluorescence images of the Gfap expression in three hippocampal regions. Images 

showing representative views of the dentate gyrus (DG), CA1 and CA3 region in a control exponential growth 

phase (Control), early- and late exponential growth phase (T80 and T120, respectively), with staining of Gfap-

positive astrocytes (green) and DAPI-positive nuclei (blue). The image in the middle represents a whole 

hippocampus from a control rat brain slice. Scale bar = 100 µm or as indicated in the figure.  
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Figure 5.4 – Immunofluorescence images of Gfap. Image of the hippocampal CA1, CA3 and DG regions with 

Gfap-positive astrocytes (green) and DAPI-positive nuclei (blue). The early- and late exponential growth phase 

(T80 and T120) compared to their corresponding control exponential growth phase animals. Scale bar = 100 µm. 

exponential growth phase vs. T120; p ≤ 0.01). At T10 no significant difference in mGlu5 

receptor mRNA expression could be demonstrated (Figure 5.5A). A significant decrease of 

mGlu5 receptor protein expression was observed in all stages of epileptogenesis compared to 

their corresponding controls (Figure 5.5B and C). This downregulation was best observed in 

the hippocampal CA1 region (Figure 5.6 and Figure 5.7). 
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Interestingly, the mRNA expression pattern for mGlu2 receptor was distinct from that obtained 

for mGlu1 or mGlu5 receptors, which overall showed similar mRNA expression profiles. The 

mGlu2 mRNA was significantly upregulated at T10 (control latent phase vs. T10; p ≤ 0.01), 

with no differences observed at T80 and T120 (Figure 5.8). 

 

Figure 5.5 – Hippocampal mGlu5 receptor expression at mRNA and protein levels. (A) mGlu5 receptor 

mRNA expression data are shown in relative quantities for the KA-induced SE animals compared to their 

corresponding control animals (i.e. control latent phase vs. T10 or control exponential growth phase vs. T80/T120). 

The references B1 element, Gapdh and Rpl13a were used to normalize the mGlu5 receptor mRNA expression. (B) 

Quantitative protein expression data, based on western blot (WB) analysis, are shown in relative abundance for 

the KA-induced SE animals compared to their corresponding phase control animals (i.e. control latent phase vs. 

T10 and control exponential growth phase vs. T80/T120). The α-Tubulin protein was used to normalize the mGlu5 

receptor protein expression. (C) Immunoreactive bands in the WB analysis of mGlu5 receptor (~145 kDa) and α-

Tubulin (~55 kDa) expression in the control latent phase, T10, control growth phase, T80 and T120. Noteworthy, 

the hippocampal protein extracts of the KA-induced SE animals and their corresponding controls were equally 

divided over different gels. The specificity of the anti-mGlu5 receptor antibody was demonstrated via 

immunoblotting of wild-type (WT) and mGlu5 receptor KO hippocampi. All the results are given in relative 

quantities/abundance, depicting mean ± SD, during the late latent phase (control latent phase (n=6) vs. T10 (n=6)) 

and exponential growth phase (control exponential growth phase (n=6) vs. T80 (n=7) and T120 (n=6)) and 

statistical significance was tested using the Mann-Whitney U test or the Kruskal-Wallis test, respectively. * = p ≤ 

0.05, ** = p ≤ 0.01 and *** = p ≤ 0.001. Abbreviations: kDa = kilodalton, KO = knock-out. 
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Figure 5.6 – Immunofluorescence images of the mGlu5 receptor expression in three hippocampal regions. 

Images showing representative views of the dentate gyrus (DG), CA1 and CA3 region in a control exponential 

growth phase (Control), early- and late exponential growth phase (T80 and T120, respectively), with staining of 

mGlu5-positive cells (red) and DAPI-positive nuclei (blue). The image in the middle represents a whole 

hippocampus from a control rat brain slice. Scale bar = 100 µm or as indicated in the figure.  

 



Chapter 5: KA-induced SE decreases mGlu5 receptor and downregulates Homer1b/c expression 

	
156 

 

 

 

Figure 5.7 – Immunofluorescence images of mGlu5 receptor. Images of the hippocampal CA1, CA3 and DG 

regions with mGlu5-positive cells (red) and DAPI-positive nuclei (blue). The early- and late exponential growth 

phase (T80 and T120) compared to their corresponding control exponential growth phase animals. Scale bar = 100 

µm. 
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Figure 5.8 – Hippocampal mGlu1 and mGlu2 receptor expressions at mRNA levels. (A) mGlu1 and (B) mGlu2 

receptor mRNA expression data in relative quantities for the KA-induced SE animals compared to their 

corresponding control animals (i.e. control latent phase vs. T10 or control exponential growth phase vs. T80/T120). 

The references B1 element, Gapdh and Rpl13a were used to normalize mRNA expression. All the results are given 

in relative quantities, depicting mean ± SD, during the late latent phase (control latent phase (n=6) vs. T10 (n=6)) 

and exponential growth phase (control exponential growth phase (n=6) vs. T80 (n=7) and T120 (n=6)) and 

statistical significance was tested using the Mann-Whitney U test or the Kruskal-Wallis test, respectively. ** = p ≤ 

0.01.  

5.3.4 Homer1a expression and phase-specific Homer1b/c downregulation 

No significant difference in Homer1a mRNA or protein expression levels could be 

demonstrated (Figure 5.9). An apparent upward trend in Homer1a mRNA in the exponential 

growth phase (control exponential growth phase vs. T80/T120) was present, but could be 

attributed to high variabilities, with most animals not showing any increase, while a large 

increase was seen in one animal. There were no significant outliers detected by the Grubbs' test, 

though. The sometimes high variability in mRNA expression levels between animals may be 

related to the timing of brain sampling after a seizure, especially when seizure rates were more 

pronounced (Figure 5.1). Nevertheless, the apparent upward trend in Homer1a mRNA during 

the exponential growth phase was absent at the protein level (Figure 5.9B and C). 

Compared to the corresponding controls a significant decrease in Homer1b/c mRNA and 

protein expression could be demonstrated at T10, but not at T80 and T120 (control latent phase 

vs. T10; p ≤ 0.01 (mRNA) and p ≤ 0.05 (protein); Figure 5.10).  
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Figure 5.9 – Hippocampal Homer1a expression at mRNA and protein levels. (A) Homer1a expression data 

shown in relative quantities for the KA-induced SE animals compared to their corresponding control animals (i.e. 

control latent phase vs. T10 or control exponential growth phase vs. T80/T120). The references B1 element, Gapdh 

and Rpl13a were used to normalize the Homer1a mRNA expression. (B) Quantitative protein expression data, 

based on western blot (WB) analysis, are shown in relative abundance for the KA-induced SE animals compared 

to their corresponding phase control animals (i.e. control latent phase vs. T10 or control exponential growth phase 

vs. T80/T120). The α-Tubulin protein was used to normalize the Homer1a protein expression. (C) Immunoreactive 

bands in the WB analysis of Homer1a (~24 kDa) and α-Tubulin (~55 kDa) expression in the control latent phase, 

T10, control exponential growth phase, T80 and T120. Noteworthy, the hippocampal protein extracts of the KA-

induced SE animals and their corresponding controls were equally divided over different gels. All the results are 

given in relative quantities/abundance, depicting mean ± SD, during the late latent phase (control latent phase 

(n=6) vs. T10 (n=6)) and exponential growth phase (control exponential growth phase (n=6) vs. T80 (n=7) and 

T120 (n=6)) and statistical significance was tested using the Mann-Whitney U test or the Kruskal-Wallis test, 

respectively. Abbreviation: kDa = kilodalton. 
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Figure 5.10 – Hippocampal Homer1b/c expression at mRNA and protein levels. (A) Homer1b/c expression 

data shown in relative quantities for the KA-induced SE animals compared to their corresponding control animals 

(i.e. control latent phase vs. T10 or control exponential growth phase vs. T80/T120). The references B1 element, 

Gapdh and Rpl13a were used as to normalize the Homer1b/c mRNA expression. (B) Quantitative protein 

expression data, based on western blot (WB) analysis, are shown in relative abundance for the KA-induced SE 

animals compared to their corresponding phase control animals (i.e. control latent phase vs. T10 and control 

exponential growth phase vs. T80/T120). The α-Tubulin protein was used to normalize the Homer1b/c protein 

expression. (C) Immunoreactive bands in the WB analysis of Homer1b/c (~45 kDa) and α-Tubulin (~55 kDa) 

expression in the control latent phase, T10, control exponential growth phase, T80 and T120. Noteworthy, the 

hippocampal protein extracts of the KA-induced SE animals and their corresponding controls were equally divided 

over different gels. All the results are given in relative quantities/abundance, depicting mean ± SD, during the late 

latent phase (control latent phase (n=6) vs. T10 (n=6)) and exponential growth phase (control exponential growth 

phase (n=6) vs. T80 (n=7) and T120 (n=6)) and statistical significance was tested using the Mann-Whitney U test 

or the Kruskal-Wallis test, respectively. * = p ≤ 0.05 and ** = p ≤ 0.01. Abbreviation: kDa = kilodalton. 
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5.4 Discussion 

The KA model is a reliable tool to mimic features that are observed in human TLE patients [4]. 

Similar as in epileptic patients, KA-induced SE is followed by a latent period, after which SRS 

occur, with elevated seizure rates, via a slow growth-, exponential growth- and plateau phase 

[27, 43-46]. Therefore, the daily seizures were continuously monitored by EEG until day 10 

(late latent phase; 0.2 ± 0.3), between day 49 and 80 (early exponential growth phase; 9.3 ± 

8.0) and between day 89 and 120 (late exponential growth phase; 31.6 ± 26.0) post-SE. Our 

results were in accordance with the literature [27, 44]. Aside from EEG changes, also 

neuropathological alterations such as aberrant mossy fiber sprouting, astrogliosis, pyramidal 

cell loss in the hippocampal CA1/3/4 regions and extrahippocampal neurodegeneration should 

occur in the KA model [4, 45, 47]. Astrogliosis was confirmed by demonstrating an 

upregulation of Gfap expression at all time points and showed a similar profile as obtained in 

various TLE models, as well as in human TLE patients, in whom Gfap was shown to be 

upregulated (Figure 5.2) [26, 38, 48-52]. According to the immunofluorescence results, the 

Gfap upregulation seemed to be preferentially located in the hippocampal CA1 region (Figure 

5.3 and Figure 5.4). The confirmation of the pathology by both the EEG and neuropathological 

alterations provides a solid background in which the expression profiles of mGlu1, mGlu2 and 

mGlu5, Homer1a and Homer1b/c can be interpreted. A well-established and verified model is 

a prerequisite to compare findings in different studies. 

The mGlu receptors have a modulatory role in the central nervous system, by regulating 

neuronal excitability. Thereby, mGlu receptors represent a potential molecular target against 

epilepsy, a disease characterized by prominent pathological synchronized discharges between 

neurons [10, 53]. In the context of our observations, where in the late latent phase (T10) there 

is an apparent discrepancy between the mRNA and protein data obtained for the mGlu5 

receptor, one might hypothesize a role for fragile X mental retardation protein (FRMP), which 

might cause a reduced translation of the mGlu5 receptor in this phase (Figure 5.5). This 

translational repressor plays a critical role in the susceptibility to epileptogenesis, where it 

suppresses the stimulation of mGlu5 receptor local protein synthesis [54, 55].	Noteworthy, 

epilepsy occurs in about 20% of the patients with fragile X syndrome (FXS) due to the silencing 

of the Frm1 gene, encoding for the FRMP [56-59]. The loss or absence of this protein has been 

reported to increase mGlu5 receptor activity, resulting in aberrant protein synthesis-dependent 

LTD and abnormal synaptic connections [60, 61]. Moreover, under physiological conditions, 

activation of group I mGlu receptors results in an upregulation of FRMP, which regulates the 
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translation of many mRNAs at the synapse [62, 63]. Thus, as regulation may also take place at 

the post-transcriptional level, inferring expression data solely based on mRNA levels (even 

when great care is taken to use suitable references genes) may still lead to skewed conclusions 

in epileptogenesis. 

In literature, many different observations related to mGlu5 receptor expression were made in 

distinct TLE models [19, 29-31]. A reduction or absence of group I mGlu receptors might be 

an important protective mechanism to impair and eliminate epileptiform synapses. However, 

mGlu5 knock-out mice were not less prone to seizures against a wide range of convulsive 

stimuli [64]. Possibly, other mGlu receptors compensate for the loss of mGlu5 receptor in this 

model. Our results are in line with the observations made by Kirschstein et al., 2007 [19]. There, 

the pilocarpine-induced SE model showed a loss of LTD due to the specific downregulation of 

mGlu5 receptors in the Schaffer collateral-CA1 synapses 30 days post-SE. Commonly, the 

induction of SE is associated with a loss of glutamatergic neurons and a reduction of glutamate, 

the mGlu receptor agonist, in parallel [65]. Nevertheless, the observations made by Kirschstein 

et al., 2007 were not only due to glutamatergic neuronal loss and an impairment in cognitive 

functions (e.g. learning and memory) was suggested as a consequence of the mGlu5-dependent 

LTD reduction [19]. In contrast, upregulation of mGlu5 receptor is observed in hippocampi of 

drug-resistant TLE patients with (HS) and without (non-HS) hippocampal sclerosis. The 

expression of the receptor was pronouncedly upregulated in the non-HS hippocampi, where 

severe neuronal loss masked the upregulation of mGlu5 receptor levels in HS hippocampi [66, 

67]. Increased mGlu5 receptor expression in TLE patients was suggested to contribute to 

neuronal hyperexcitability of the hippocampal network [67, 68]. Alternatively, the upregulated 

mGlu5 receptor might protect hippocampal neurons against over-excitation and neurotoxicity 

[69]. Despite excessive extracellular glutamate, mGlu5 receptor activation may desensitize 

glutamatergic neurotransmission through internalization of synaptic NMDA receptors and 

control glutamate release [70, 71]. High levels of mGlu5 receptor and Gfap expression have 

been observed in the HS and non-HS samples compared to the controls [66, 67]. This 

corresponded with the astrocyte-specific upregulation of this receptor in animal models of TLE 

[29, 72, 73], where astrocyte-specific mGlu5 receptor signaling was demonstrated to play a key 

role in the uptake of glutamate in epileptogenesis [74]. However, human hippocampal mGlu5 

receptor expression data are unknown during the various stages of epileptogenesis and before 

intractable seizures manifest in TLE patients. Thus, it may not be sufficient to directly compare 

expression data from our and other models of TLE, which demonstrated downregulation of the 
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mGlu5 receptor following status epilepticus [19, 75], with the currently available human 

expression studies based on patients with intractable TLE [66-68]. Although this study analyzed 

hippocampal tissue of 120 days post-SE, we cannot exclude that an even more extended time 

window might be necessary to obtain mGlu5 receptor expression levels that are similar to those 

observed in HS and non-HS samples of human patients with intractable TLE. All this 

underscores the complexity of the role of mGlu5 receptors, with possibly dynamic changes 

taking place. 

Subsequently, mRNA expression of mGlu1 and mGlu2 receptors was analyzed via RT-qPCR 

analysis, performed according to the MIQE guidelines and using optimal reference genes for 

the KA model of TLE, as determined previously [26, 76]. To our knowledge, this is the first 

study to apply the B1 element to normalize mRNA expression levels. As an additional control 

and to confirm the robustness of our recently developed normalization method, we also 

normalized all the genes of interest with only traditional reference genes (Figure 5.11) [26].  

Furthermore, with the caveat that possible translational regulation cannot be excluded (cfr. 

supra), mGlu1 and mGlu5 receptors showed comparable expression patterns, whereas mGlu2 

receptor was upregulated in the late latent phase, with no significant differences detected in the 

early- and late exponential growth phase (Figure 5.8). These different expression patterns could 

be due to the different functions and neuronal localizations of these receptors. Group I mGlu 

receptors are mainly expressed at the postsynaptic membrane of neurons, whereas mGlu2 

receptors are predominantly found at presynaptic nerve terminals, regulating the release of 

glutamate in adult rodents [77-81]. In general, epileptiform activity may be facilitated or 

attenuated, by respectively activation of the group I mGlu or group II mGlu receptors [82]. In 

addition, the intraventricular administration of the group II mGlu receptor agonist 

(2S,1'R,2'R,3'R)-2-(2,3-dicarboxycyclopropyl) glycine (DCG) protected against neurotoxicity 

in KA-treated rats [83]. Although mRNA expression patterns should be confirmed at the protein 

level before inferring large conclusions, it is tempting to speculate that the phase-specific mGlu2 

receptor upregulation may be a protective mechanism to reduce epileptogenesis and 

excitoneurotoxicity [84]. 

Finally, we analyzed the expression patterns of Homer1a, a short Homer1 splice variant and 

immediate early gene (IEG), as well as of Homer1b/c. No significant differences were observed 

for Homer1a, both at mRNA and protein levels (Figure 5.9). In all likelihood, Homer1a is 

endogenously upregulated in the range of hours, instead of days post-SE [21, 31, 32, 85]. The 

Homer1 proteins are located in postsynaptic densities and are important in the scaffolding and  
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Figure 5.11 – The RT-qPCR data normalized with the reference genes Gapdh, Rpl13a and Pgk1. The (A) 

Gfap, (B) mGlu5 receptor, (C) Homer1a, (D) Homer1b/c, (E) mGlu1 receptor and (F) mGlu2 receptor mRNA 

expression data in relative quantities for the KA-induced SE animals compared to their corresponding control 

animals (i.e. control latent phase vs. T10 or control exponential growth phase vs. T80/T120). The references genes 

Gapdh, Rpl13a and Pgk1 were used to normalize mRNA expression. All the results are given in relative quantities, 

depicting mean ± SD (n=6/7), during the late latent phase (control latent phase vs. T10) and exponential growth 

phase (control exponential growth phase vs. T80/T120) and statistical significance was tested using the Mann-

Whitney U test or the Kruskal-Wallis test, respectively. * = p ≤ 0.05 and ** = p ≤ 0.01. 

signaling at glutamatergic complexes, preferentially binding with mGlu5 receptors [86]. The 

short Homer1a competes with long Homer isoforms in a dominant negative manner and 

probably acts as an anticonvulsant, via uncoupling the glutamatergic complexes from 

postsynaptic effectors. Moreover, the activation of a specific brain region or the level of seizure 

intensity may determine the presence or absence of Homer1a upregulation [31, 32]. Increasing 

the expression of Homer1a via adeno-associated virus led to an attenuation of seizures in a SE 

rat model, but impaired their hippocampal-dependent memory [20, 87].  

Interestingly, we observed a hippocampal downregulation of Homer1b/c in the late latent phase, 

while the expression remained unchanged in exponential growth phases (Figure 5.10). In 

literature, downregulation of Homer1b/c showed to be protective in rat cortical neurons against 

glutamate-mediated induced excitotoxicity [88, 89]. The absence of Homer1b/c strongly 

attenuates the refilling of Ca2+ in the endoplasmic reticulum following activation of group I 
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mGlu receptors in both resting and depolarizing conditions [90]. Homer1b/c downregulation 

protected against seizures induced by picrotoxin or pentylenetetrazole, without observations of 

adverse behavioral effects (e.g. memory or locomotion). A positive correlation was observed 

between reduced expression of Homer1b/c and reduced neuronal hyperexcitability in the 

hippocampus or the severity of the seizures [18]. Our findings support the hypothesis that 

Homer1b/c downregulation during the late latent phase, when seizure rates were still limited, 

may be part of an endogenous neuroprotective mechanism to delay SRS (Figure 5.1). Future 

studies should examine the precise role of Homer1b/c in SE-induced models of TLE. 

5.5 Conclusion 

In the systemic KA model for TLE, a downregulation of the mGlu5 receptor protein expression 

was observed during the late latent- and exponential growth phases of SE, which seemed to 

preferentially occur in the hippocampal CA1 region. The mGlu5 receptor mRNA expression 

pattern was somewhat distinct from the protein expression, thereby confirming that skewed 

conclusions about expression may be inferred when solely based on mRNA data. Additionally, 

the mainly postsynaptically localized group I mGlu receptors (i.e. mGlu1 and mGlu5) had 

different mRNA expression patterns than mGlu2 receptors, which are predominantly located at 

presynaptic neuronal membranes. Interestingly, the Homer1b/c protein, which was reported to 

interact with group I mGlu receptors [16, 91, 92], was specifically downregulated in the late 

latent phase, when the observed seizure rates were still limited. Finally, our data suggest a 

relationship between limited seizure rates in the KA model and the downregulation of 

Homer1b/c, which might correspond to an endogenous neuroprotective mechanism, 

representing a putative interesting molecular target in the treatment of epilepsy. 

 

 

 

 

 

 

 

 



Chapter 5: KA-induced SE decreases mGlu5 receptor and downregulates Homer1b/c expression 

	
165 

References 

1. Falcon-Moya, R., T.S. Sihra, and A. Rodriguez-Moreno, Kainate Receptors: Role in 
Epilepsy. Front Mol Neurosci, 2018. 11: p. 217. 

2. Moshe, S.L., et al., Epilepsy: new advances. Lancet, 2015. 385(9971): p. 884-898. 

3. WHO, Epilepsy. https://www.who.int/news-room/fact-sheets/detail/epilepsy (accessed 
22 May 2019), 2019. 

4. Levesque, M. and M. Avoli, The kainic acid model of temporal lobe epilepsy. Neurosci 
Biobehav Rev, 2013. 37(10 Pt 2): p. 2887-2899. 

5. Lothman, E.W., E.H. Bertram, 3rd, and J.L. Stringer, Functional anatomy of 
hippocampal seizures. Prog Neurobiol, 1991. 37(1): p. 1-82. 

6. Scheffer, I.E., et al., ILAE classification of the epilepsies: Position paper of the ILAE 
Commission for Classification and Terminology. Epilepsia, 2017. 58(4): p. 512-521. 

7. Engel, J., Jr., et al., Early surgical therapy for drug-resistant temporal lobe epilepsy: a 
randomized trial. JAMA, 2012. 307(9): p. 922-930. 

8. Johnson, E.L., Seizures and Epilepsy. Med Clin North Am, 2019. 103(2): p. 309-324. 
9. West, S., et al., Surgery for epilepsy. Cochrane Database Syst Rev, 2015(7): p. 10541. 

10. Doherty, J. and R. Dingledine, The roles of metabotropic glutamate receptors in 
seizures and epilepsy. Curr Drug Targets CNS Neurol Disord, 2002. 1(3): p. 251-260. 

11. Odero, G.L. and B.C. Albensi, Epilepsy and the Many Faces of Homer1. 2008, Brain 
Research Journal. p. 163-172. 

12. Shiraishi-Yamaguchi, Y. and T. Furuichi, The Homer family proteins. Genome Biol, 
2007. 8(2): p. 206. 

13. Fagni, L., et al., Complex interactions between mGluRs, intracellular Ca2+ stores and 
ion channels in neurons. Trends Neurosci, 2000. 23(2): p. 80-88. 

14. Feng, W., et al., Homer regulates gain of ryanodine receptor type 1 channel complex. J 
Biol Chem, 2002. 277(47): p. 44722-44730. 

15. Tu, J.C., et al., Coupling of mGluR/Homer and PSD-95 complexes by the Shank family 
of postsynaptic density proteins. Neuron, 1999. 23(3): p. 583-592. 

16. Tu, J.C., et al., Homer binds a novel proline-rich motif and links group 1 metabotropic 
glutamate receptors with IP3 receptors. Neuron, 1998. 21(4): p. 717-726. 

17. Yuan, J.P., et al., Homer binds TRPC family channels and is required for gating of 
TRPC1 by IP3 receptors. Cell, 2003. 114(6): p. 777-789. 

18. Cao, L., et al., Down-regulation of Homer1b/c protects against chemically induced 
seizures through inhibition of mTOR signaling. Cell Physiol Biochem, 2015. 35(4): p. 
1633-1642. 

19. Kirschstein, T., et al., Loss of metabotropic glutamate receptor-dependent long-term 
depression via downregulation of mGluR5 after status epilepticus. J Neurosci, 2007. 
27(29): p. 7696-7704. 

20. Kammermeier, P.J. and P.F. Worley, Homer 1a uncouples metabotropic glutamate 
receptor 5 from postsynaptic effectors. Proc Natl Acad Sci U S A, 2007. 104(14): p. 
6055-6060. 



Chapter 5: KA-induced SE decreases mGlu5 receptor and downregulates Homer1b/c expression 

	
166 

21. Potschka, H., et al., Kindling-induced overexpression of Homer 1A and its functional 
implications for epileptogenesis. Eur J Neurosci, 2002. 16(11): p. 2157-2165. 

22. Cartmell, J. and D.D. Schoepp, Regulation of neurotransmitter release by metabotropic 
glutamate receptors. J Neurochem, 2000. 75(3): p. 889-907. 

23. Caulder, E.H., M.A. Riegle, and D.W. Godwin, Activation of group 2 metabotropic 
glutamate receptors reduces behavioral and electrographic correlates of pilocarpine 
induced status epilepticus. Epilepsy Res, 2014. 108(2): p. 171-181. 

24. Yao, H., et al., Inhibitory effect of group II mGluR agonist 2R, 4R-APDC on cell 
proliferation in dentate gyrus in rats with epileptic seizure. Eur Rev Med Pharmacol 
Sci, 2015. 19(15): p. 2922-2927. 

25. Tang, F.R., et al., Two-methyl-6-phenylethynyl-pyridine (MPEP), a metabotropic 
glutamate receptor 5 antagonist, with low doses of MK801 and diazepam: a novel 
approach for controlling status epilepticus. Neuropharmacology, 2007. 53(7): p. 821-
831. 

26. Crans, R.A.J., et al., The validation of Short Interspersed Nuclear Elements (SINEs) as 
a RT-qPCR normalization strategy in a rodent model for temporal lobe epilepsy. PLoS 
One, 2019. 14(1): p. e0210567. 

27. Van Nieuwenhuyse, B., et al., The systemic kainic acid rat model of temporal lobe 
epilepsy: Long-term EEG monitoring. Brain Res, 2015. 1627: p. 1-11. 

28. Zheng, X.Y., et al., Kainic acid-induced neurodegenerative model: potentials and 
limitations. J Biomed Biotechnol, 2011. 2011: p. 457079. 

29. Aronica, E., et al., Upregulation of metabotropic glutamate receptor subtype mGluR3 
and mGluR5 in reactive astrocytes in a rat model of mesial temporal lobe epilepsy. Eur 
J Neurosci, 2000. 12(7): p. 2333-2344. 

30. Aronica, E.M., et al., Status epilepticus-induced alterations in metabotropic glutamate 
receptor expression in young and adult rats. J Neurosci, 1997. 17(21): p. 8588-8595. 

31. Cavarsan, C.F., et al., Maximal electroshock-induced seizures are able to induce 
Homer1a mRNA expression but not pentylenetetrazole-induced seizures. Epilepsy 
Behav, 2015. 44: p. 90-95. 

32. Cavarsan, C.F., et al., Pilocarpine-induced status epilepticus increases Homer1a and 
changes mGluR5 expression. Epilepsy Res, 2012. 101(3): p. 253-260. 

33. Paxinos, G., Watson, C., The Rat Brain in Stereotaxic Coordinates. 1998: Academic 
Press, San Diego. 

34. Hellier, J.L., et al., Recurrent spontaneous motor seizures after repeated low-dose 
systemic treatment with kainate: assessment of a rat model of temporal lobe epilepsy. 
Epilepsy Res, 1998. 31(1): p. 73-84. 

35. Wyckhuys, T., et al., Suppression of hippocampal epileptic seizures in the kainate rat 
by Poisson distributed stimulation. Epilepsia, 2010. 51(11): p. 2297-2304. 

36. Grubb, D.R., et al., Scaffolding protein Homer 1c mediates hypertrophic responses 
downstream of Gq in cardiomyocytes. FASEB J, 2012. 26(2): p. 596-603. 

37. Langnaese, K., et al., Selection of reference genes for quantitative real-time PCR in a 
rat asphyxial cardiac arrest model. BMC Mol Biol, 2008. 9: p. 53. 



Chapter 5: KA-induced SE decreases mGlu5 receptor and downregulates Homer1b/c expression 

	
167 

38. Marques, T.E., et al., Validation of suitable reference genes for expression studies in 
different pilocarpine-induced models of mesial temporal lobe epilepsy. PLoS One, 
2013. 8(8): p. e71892. 

39. Martinez-Galan, J.R., F.C. Perez-Martinez, and J.M. Juiz, Signalling routes and 
developmental regulation of group I metabotropic glutamate receptors in rat auditory 
midbrain neurons. J Neurosci Res, 2012. 90(10): p. 1913-1923. 

40. Nelson, S.E., et al., Homer1a and 1bc levels in the rat somatosensory cortex vary with 
the time of day and sleep loss. Neurosci Lett, 2004. 367(1): p. 105-108. 

41. Veniaminova, N.A., N.S. Vassetzky, and D.A. Kramerov, B1 SINEs in different rodent 
families. Genomics, 2007. 89(6): p. 678-686. 

42. Treiman, D.M., N.Y. Walton, and C. Kendrick, A progressive sequence of 
electroencephalographic changes during generalized convulsive status epilepticus. 
Epilepsy Res, 1990. 5(1): p. 49-60. 

43. Lado, F.A., Chronic bilateral stimulation of the anterior thalamus of kainate-treated 
rats increases seizure frequency. Epilepsia, 2006. 47(1): p. 27-32. 

44. Williams, P.A., et al., Development of spontaneous recurrent seizures after kainate-
induced status epilepticus. J Neurosci, 2009. 29(7): p. 2103-2112. 

45. Ben-Ari, Y., Limbic seizure and brain damage produced by kainic acid: mechanisms 
and relevance to human temporal lobe epilepsy. Neuroscience, 1985. 14(2): p. 375-403. 

46. Sperk, G., Kainic acid seizures in the rat. Prog Neurobiol, 1994. 42(1): p. 1-32. 
47. Nadler, J.V., B.W. Perry, and C.W. Cotman, Intraventricular kainic acid preferentially 

destroys hippocampal pyramidal cells. Nature, 1978. 271(5646): p. 676-677. 
48. Barker-Haliski, M. and H.S. White, Glutamatergic Mechanisms Associated with 

Seizures and Epilepsy. Cold Spring Harb Perspect Med, 2015. 5(8): p. 22863. 
49. Hammer, J., et al., Expression of glutamine synthetase and glutamate dehydrogenase in 

the latent phase and chronic phase in the kainate model of temporal lobe epilepsy. Glia, 
2008. 56(8): p. 856-868. 

50. Lauren, H.B., et al., Transcriptome analysis of the hippocampal CA1 pyramidal cell 
region after kainic acid-induced status epilepticus in juvenile rats. PLoS One, 2010. 
5(5): p. e10733. 

51. Ozbas-Gerceker, F., et al., Serial analysis of gene expression in the hippocampus of 
patients with mesial temporal lobe epilepsy. Neuroscience, 2006. 138(2): p. 457-474. 

52. Pernot, F., et al., Selection of reference genes for real-time quantitative reverse 
transcription-polymerase chain reaction in hippocampal structure in a murine model 
of temporal lobe epilepsy with focal seizures. J Neurosci Res, 2010. 88(5): p. 1000-
1008. 

53. Bianchi, R., R.K.S. Wong, and L.R. Merlin, Glutamate Receptors in Epilepsy: Group I 
mGluR-Mediated Epileptogenesis, in Jasper's Basic Mechanisms of the Epilepsies, th, 
et al., Editors. 2012: Bethesda (MD). 

54. Dolen, G. and M.F. Bear, Role for metabotropic glutamate receptor 5 (mGluR5) in the 
pathogenesis of fragile X syndrome. J Physiol, 2008. 586(6): p. 1503-1508. 

55. Qiu, L.F., et al., Limbic epileptogenesis in a mouse model of fragile X syndrome. Cereb 
Cortex, 2009. 19(7): p. 1504-1514. 



Chapter 5: KA-induced SE decreases mGlu5 receptor and downregulates Homer1b/c expression 

	
168 

56. Berry-Kravis, E., Epilepsy in fragile X syndrome. Dev Med Child Neurol, 2002. 44(11): 
p. 724-728. 

57. Laggerbauer, B., et al., Evidence that fragile X mental retardation protein is a negative 
regulator of translation. Hum Mol Genet, 2001. 10(4): p. 329-338. 

58. Qiu, L.F., et al., Fragile X syndrome and epilepsy. Neurosci Bull, 2008. 24(5): p. 338-
344. 

59. Zalfa, F., et al., The fragile X syndrome protein FMRP associates with BC1 RNA and 
regulates the translation of specific mRNAs at synapses. Cell, 2003. 112(3): p. 317-327. 

60. Pop, A.S., et al., Fragile X syndrome: a preclinical review on metabotropic glutamate 
receptor 5 (mGluR5) antagonists and drug development. Psychopharmacology (Berl), 
2014. 231(6): p. 1217-1226. 

61. Volk, L.J., et al., Multiple Gq-coupled receptors converge on a common protein 
synthesis-dependent long-term depression that is affected in fragile X syndrome mental 
retardation. J Neurosci, 2007. 27(43): p. 11624-11634. 

62. Bassell, G.J. and S.T. Warren, Fragile X syndrome: loss of local mRNA regulation alters 
synaptic development and function. Neuron, 2008. 60(2): p. 201-214. 

63. Weiler, I.J., et al., Fragile X mental retardation protein is translated near synapses in 
response to neurotransmitter activation. Proc Natl Acad Sci U S A, 1997. 94(10): p. 
5395-5400. 

64. Witkin, J.M., et al., mGlu5 receptor deletion does not confer seizure protection to mice. 
Life Sci, 2008. 83(9-10): p. 377-380. 

65. Zahr, N.M., et al., In vivo glutamate decline associated with kainic acid-induced status 
epilepticus. Brain Res, 2009. 1300: p. 65-78. 

66. Kandratavicius, L., et al., Distinct increased metabotropic glutamate receptor type 5 
(mGluR5) in temporal lobe epilepsy with and without hippocampal sclerosis. 
Hippocampus, 2013. 23(12): p. 1212-1230. 

67. Notenboom, R.G., et al., Up-regulation of hippocampal metabotropic glutamate 
receptor 5 in temporal lobe epilepsy patients. Brain, 2006. 129(Pt 1): p. 96-107. 

68. Tang, F.R., W.L. Lee, and T.T. Yeo, Expression of the group I metabotropic glutamate 
receptor in the hippocampus of patients with mesial temporal lobe epilepsy. J 
Neurocytol, 2001. 30(5): p. 403-411. 

69. Nicoletti, F., et al., Group-I metabotropic glutamate receptors: hypotheses to explain 
their dual role in neurotoxicity and neuroprotection. Neuropharmacology, 1999. 
38(10): p. 1477-1484. 

70. Rodriguez-Moreno, A., et al., Switch from facilitation to inhibition of excitatory 
synaptic transmission by group I mGluR desensitization. Neuron, 1998. 21(6): p. 1477-
1486. 

71. Snyder, E.M., et al., Internalization of ionotropic glutamate receptors in response to 
mGluR activation. Nat Neurosci, 2001. 4(11): p. 1079-1085. 

72. Ulas, J., et al., Expression of metabotropic glutamate receptor 5 is increased in 
astrocytes after kainate-induced epileptic seizures. Glia, 2000. 30(4): p. 352-361. 



Chapter 5: KA-induced SE decreases mGlu5 receptor and downregulates Homer1b/c expression 

	
169 

73. Umpierre, A.D., et al., Repeated low-dose kainate administration in C57BL/6J mice 
produces temporal lobe epilepsy pathology but infrequent spontaneous seizures. Exp 
Neurol, 2016. 279: p. 116-126. 

74. Umpierre, A.D., et al., Conditional Knock-out of mGluR5 from Astrocytes during 
Epilepsy Development Impairs High-Frequency Glutamate Uptake. J Neurosci, 2019. 
39(4): p. 727-742. 

75. Akbar, M.T., et al., Altered expression of group I metabotropic glutamate receptors in 
the hippocampus of amygdala-kindled rats. Brain Res Mol Brain Res, 1996. 43(1-2): p. 
105-116. 

76. Bustin, S.A., et al., The MIQE guidelines: minimum information for publication of 
quantitative real-time PCR experiments. Clin Chem, 2009. 55(4): p. 611-622. 

77. Lujan, R., et al., Perisynaptic location of metabotropic glutamate receptors mGluR1 
and mGluR5 on dendrites and dendritic spines in the rat hippocampus. Eur J Neurosci, 
1996. 8(7): p. 1488-1500. 

78. Niswender, C.M. and P.J. Conn, Metabotropic glutamate receptors: physiology, 
pharmacology, and disease. Annu Rev Pharmacol Toxicol, 2010. 50: p. 295-322. 

79. Qian, F. and F.R. Tang, Metabotropic Glutamate Receptors and Interacting Proteins in 
Epileptogenesis. Curr Neuropharmacol, 2016. 14(5): p. 551-562. 

80. Romano, C., et al., Distribution of metabotropic glutamate receptor mGluR5 
immunoreactivity in rat brain. J Comp Neurol, 1995. 355(3): p. 455-469. 

81. Shigemoto, R., et al., Differential presynaptic localization of metabotropic glutamate 
receptor subtypes in the rat hippocampus. J Neurosci, 1997. 17(19): p. 7503-7522. 

82. Keele, N.B., V. Neugebauer, and P. Shinnick-Gallagher, Differential effects of 
metabotropic glutamate receptor antagonists on bursting activity in the amygdala. J 
Neurophysiol, 1999. 81(5): p. 2056-2065. 

83. Miyamoto, M., M. Ishida, and H. Shinozaki, Anticonvulsive and neuroprotective 
actions of a potent agonist (DCG-IV) for group II metabotropic glutamate receptors 
against intraventricular kainate in the rat. Neuroscience, 1997. 77(1): p. 131-140. 

84. Tang, F.R., et al., Metabotropic glutamate receptor 2/3 in the hippocampus of patients 
with mesial temporal lobe epilepsy, and of rats and mice after pilocarpine-induced 
status epilepticus. Epilepsy Res, 2004. 59(2-3): p. 167-180. 

85. Avedissian, M., et al., Hippocampal gene expression analysis using the ORESTES 
methodology shows that homer 1a mRNA is upregulated in the acute period of the 
pilocarpine epilepsy model. Hippocampus, 2007. 17(2): p. 130-136. 

86. Fotuhi, M., et al., Differential expression of metabotropic glutamate receptors in the 
hippocampus and entorhinal cortex of the rat. Brain Res Mol Brain Res, 1994. 21(3-4): 
p. 283-292. 

87. Klugmann, M., et al., AAV-mediated hippocampal expression of short and long Homer 
1 proteins differentially affect cognition and seizure activity in adult rats. Mol Cell 
Neurosci, 2005. 28(2): p. 347-360. 

88. Chen, T., et al., Down-regulation of Homer1b/c attenuates glutamate-mediated 
excitotoxicity through endoplasmic reticulum and mitochondria pathways in rat 
cortical neurons. Free Radic Biol Med, 2012. 52(1): p. 208-217. 



Chapter 5: KA-induced SE decreases mGlu5 receptor and downregulates Homer1b/c expression 

	
170 

89. Fei, F., et al., Downregulation of Homer1b/c improves neuronal survival after traumatic 
neuronal injury. Neuroscience, 2014. 267: p. 187-194. 

90. Lv, M.M., et al., Down-regulation of Homer1b/c attenuates group I metabotropic 
glutamate receptors dependent Ca(2)(+) signaling through regulating endoplasmic 
reticulum Ca(2)(+) release in PC12 cells. Biochem Biophys Res Commun, 2014. 
450(4): p. 1568-1574. 

91. Ciruela, F., et al., Homer-1c/Vesl-1L modulates the cell surface targeting of 
metabotropic glutamate receptor type 1alpha: evidence for an anchoring function. Mol 
Cell Neurosci, 2000. 15(1): p. 36-50. 

92. Kato, A., et al., Novel members of the Vesl/Homer family of PDZ proteins that bind 
metabotropic glutamate receptors. J Biol Chem, 1998. 273(37): p. 23969-23975. 

 



 

 

 

 

 

Chapter 6 
 

 

 

 

Striatal dopamine D2-muscarinic 

acetylcholine M1 receptor-receptor 

interaction in a model for Parkinson’s 

disease  

 

 

 

 

 

Based on 

René A.J. Crans, Elise Wouters, Marta Valle-León, Jaume Taura, Caio M. Massari, Víctor Fernández-

Dueñas, Christophe P. Stove† and Francisco Ciruela†. Striatal dopamine D2-muscarinic acetylcholine 

M1 receptor-receptor interaction in a model of movement disorders. Front Pharmacol. (Submitted 

17th December 2019). †These authors contributed equally. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6: Striatal D2R-M1R heteromer in a model for PD 

	
173 

Abstract 

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by motor control 

deficits, which is associated with the loss of striatal dopaminergic neurons from the substantia 

nigra. In parallel to dopaminergic denervation, there is an increase of acetylcholine within the 

striatum, resulting in a striatal dopaminergic-cholinergic neurotransmission imbalance. 

Currently available PD pharmacotherapy (e.g. pro-dopaminergic drugs) does not reinstate the 

altered dopaminergic-cholinergic balance. In addition, it can eventually elicit cholinergic-

related adverse effects.  

In the present work, we investigated the interplay between dopaminergic and cholinergic 

systems by assessing the physical and functional interaction of dopamine D2 and muscarinic 

acetylcholine M1 receptors (D2R and M1R, respectively), both expressed at striatopallidal 

medium spiny neurons.  

First, we provided evidence for the existence of D2R-M1R heteromers via biochemical (i.e. co-

immunoprecipitation) and biophysical (i.e. BRET1 and NanoBiT®) assays, performed in 

transiently transfected HEK293T cells. Subsequently, a D2R-M1R co-distribution in the mouse 

striatum was observed through double immunofluorescence staining and AlphaLISA® 

immunoassay. Finally, we evaluated the functional interplay between both receptors via 

behavioral studies, by implementing the classical acute reserpine pharmacological animal 

model of experimental parkinsonism.  

Reserpinized mice were administered with a D2R-selective agonist (sumanirole) and/or an 

M1R-selective antagonist (VU0255035) and alterations in PD-related behavioral tasks (e.g. 

locomotor activity) were evaluated. Importantly, VU0255035 (10 mg/kg) potentiated the 

antiparkinsonian effects (i.e. increased locomotor activity, decreased catalepsy and reduced 

tremor) of an ineffective sumanirole dose (3 mg/kg).  

Altogether, our data suggest the existence of functional striatal D2R-M1R heteromers, which 

might be a relevant target to manage PD motor impairments with less adverse effects. 
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6.1 Introduction 

Parkinson’s disease (PD) is a common movement disorder that is clinically characterized by 

motor control deficits, such as bradykinesia, muscular rigidity, resting tremors and postural 

instability [1]. Approximately 1% of the population over the age of 60 is affected by PD. The 

major pathophysiological hallmark is the loss of dopaminergic neurons projecting from the 

substantia nigra pars compacta (SNpc), which leads to dopamine (DA) depletion within the 

striatum [2, 3]. L-3,4-dihydroxyphenylalanine (L-DOPA) is an effective DA replacement 

strategy, which efficiently reverses motor control deficits at the early stages of the disorder. 

However, long-term L-DOPA therapy (>5-10 years) is commonly associated with adverse 

motor complications, such as dyskinesia and efficacy fluctuations, thus reducing the patient’s 

quality of life [4, 5]. Currently, DA receptor agonists (e.g. pramipexole and ropinirole) are 

considered the first choice in PD therapy, as monotherapy or adjuvants to L-DOPA [6, 7]. 

Although these agonist are effective in the early stages of PD, they eventually fail reducing 

motor complications [3, 4]. Interestingly, before L-DOPA was extensively prescribed, 

anticholinergics were the first-line therapeutics in PD [8, 9]. The cholinergic system plays a 

pivotal role in regulating striatal functions by modulating the excitability of GABAergic 

medium spiny neurons (MSNs), which constitute nearly 95% of the striatal neuronal population 

[10]. Nowadays, anticholinergics are still prescribed (e.g. benztropine and biperiden), although 

the clinical use is limited due to their adverse effects (i.e. nausea, cognitive impairments, dry 

mouth, urinary retention and blurred vision) [11, 12]. Recently, cholinergic modulation of 

striatal functions has gained renewed interest due to the development of compounds targeting 

specific muscarinic acetylcholine receptor (mAChR) subtypes [10, 13-16]. 

Five distinct mAChR subtypes (M1R-M5R) have been identified, which are classified into two 

groups, based on pharmacological and molecular characteristics. The excitatory M1-like 

receptors (M1R, M3R and M5R) transduce their signals via Gq/11 proteins, whereas the inhibitory 

M2-like receptors (M2R and M4R) are coupled to Gi/o proteins [17, 18]. All subtypes are present 

in the striatum, with M1R and M4R being highly expressed most and modulating the excitability 

of GABAergic MSNs [19, 20]. In general, two types of MSNs have been distinguished; (i) 

dopamine D2 receptors (D2Rs) expressing MSNs (i.e. D2R-MSNs), which belong to the striatal 

indirect pathway [21], and (ii) dopamine D1 receptors (D1Rs) containing MSNs (i.e. D1R-

MSNs) constituting the striatal direct pathway. The D1R-MSNs express postsynaptic M4Rs, 

while M1Rs are expressed at both D1R-MSNs and D2R-MSNs. Thereby, within the striatum, 

tonically active cholinergic interneurons (ChIs), which constitute 1-2% of the total striatal 
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neuronal population	[22, 23], releases acetylcholine (ACh) through widely arborizing axons 

with large terminal fields that modulate the MSNs via M1Rs and M4Rs [24-26]. Interestingly, 

the modulation of MSNs with a selective M1R antagonist resulted in antiparkinsonian-like 

effects in a number of rat models of PD [15]. In addition, the blockade of M1R, M4R or ChI 

signaling improved the motor functions in 6-hydroxydopamine (6-OHDA) lesioned mice [16]. 

Furthermore, systemic administration of scopolamine (a non-selective mAChR antagonist) 

modulated the DA turnover and reduced the D2R affinity of raclopride in monkey brains [27]. 

These studies suggest an intense neuronal interaction between the dopaminergic and cholinergic 

systems, where normal motor functions may require a fine tuned and coordinated control [18, 

28, 29]. The extent to which both neurotransmission systems specifically integrate at a 

molecular and/or functional level is of high interest for the development of novel multimodal 

pharmacological therapies to manage PD [30]. 

In the present work, we describe a novel interaction between the D2R and M1R in the striatum, 

which may eventually harmonize with those previously described for D2R [31-37]. In addition, 

we evaluated the antiparkinsonian efficacy of a combined D2R agonist (i.e. sumanirole) and 

M1R antagonist (i.e. VU0255035) treatment using the reserpine animal model of experimental 

parkinsonism. To our knowledge, this study is the first to demonstrate a molecular interaction 

and a functional interplay between D2R and M1R. 

6.2 Materials and methods 

6.2.1 Plasmid construction 

The plasmids pFLAG-D2R, pHA-M1R, pD2R-RLuc, pM1R-YFP and pEYFP were a kind gift 

of Dr. Kjell Fuxe (Karolinska Institutet, Stockholm, Sweden). The sequence encoding the 

human M1R (NM_000738.3) was PCR-amplified using primers containing specific restriction 

sites (HindIII and EcoRI, 5’-GCTTAAGCTTATGAACACTTCAG-3’ and 5’- 

TCGAGAATTCGCGCATTGGC-3’) and cloned into the HindIII/EcoRI sites of the NanoBiT® 

vector NB MCS1, which was provided by Promega (Madison, WI, USA). The construct was 

verified by restriction digest and Sanger sequencing (Eurofins Genomics, Ebersberg, 

Germany). This resulted in the fusion of the split NanoLuciferase (NL) fragment LargeBiT 

(LgBiT; 18 kDa) to the C-terminus of M1R. The constructs of cannabinoid type 1 and 2 

receptors (CB1 and CB2, respectively) and D2R fused with LgBiT or Small BiT (SmBiT; 1 kDa) 

were previously developed and described by our research group [38, 39]. 
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6.2.2 Cell culture and transient transfection 

Human Embryonic Kidney 293T (HEK293T; American Type Culture Collection (ATCC), 

Manassas, VA, USA) cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; 

Thermo Fisher Scientific, Pittsburg, PA, USA) supplemented with GlutaMAX, 10% fetal 

bovine serum (FBS; Merck KGaA, Darmstadt, Germany), streptomycin (100 µg/ml) and 

penicillin (100 U/ml) in a controlled environment (37°C, 98% humidity and 5% CO2). Prior to 

transfection, cells were cultured in 10 cm dishes (co-immunoprecipitation) or 6-well plates 

(Bioluminescence Resonance Energy Transfer1 (BRET1) and NanoLuciferase Binary 

Technology (NanoBiT®) assays) in 10 or 2 ml DMEM supplemented with 10% FBS, 

respectively. The HEK293T cells were transiently transfected using the polyethylenimine (PEI; 

Sigma-Aldrich, St. Louis, MO, USA) method. In all assays, medium was refreshed with DMEM 

+ 10% FBS after 5 hours.  

6.2.3 Co-immunoprecipitation 

HEK293T cells were transfected with 5 µg of the constructs encoding for pFLAG-D2R and/or 

pHA-M1R. When necessary, 5 µg of the empty vector pcDNA3.1 was co-transfected to 

maintain a total amount of 10 µg DNA per 10 cm dish. After 48 hours, cells were washed three 

times with ice-cold phosphate-buffered saline (PBS; 1.47 mM KH2PO4, 8.07 mM Na2HPO4, 

137 mM NaCl, 0.27 mM KCl with pH 7.2), harvested and centrifuged, after which the pellet 

was stored at -80°C until further use.  

The cells were homogenized in ice-cold 50 mM Tris-HCl (pH 7.4) with the Polytron at setting 

six for two periods of ten seconds. Subsequently, the homogenates were transferred to 1.5 ml 

Eppendorfs and centrifuged at 12.000 x g for 30 minutes at 4°C. Then, the supernatant was 

removed and the pellets were lysed in radioimmunoprecipitation assay (RIPA) buffer (150 mM 

NaCl, 25 mM Tris-HCl (pH 7.5), 1% sodium deoxycholate, 1% NP-40 and 0.1% SDS), 

supplemented with freshly added protease inhibitors (2.5 g/ml aprotinin, 1 mM PEFA-block, 

10 g/ml leupeptin), for 1 hour while rotating at 4°C. The samples were centrifuged at 12.000 x 

g for 20 minutes at 4°C. Next, the supernatant of each sample was transferred to a new 

Eppendorf and the protein concentrations were determined using the bicinchoninic acid (BCA) 

assay (Pierce Biotechnology, Rockford, IL, USA). Thereafter, all samples were diluted with 

RIPA buffer to obtain equal protein concentrations with a final volume of 500 µl. 

An amount of 10% for each sample (i.e. lysate) was denatured at 37°C for 10 minutes in 4x 

Laemmli (5% SDS, 50% glycerol, 65 mM Tris-HCl (pH 6.8) and 0.2% bromophenol blue), 
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supplemented with freshly added 10% β-mercaptoethanol. The lysates were loaded onto a 10% 

polyacrylamide 10-well gel and resolved via SDS-polyacrylamide gel electrophoresis (SDS-

PAGE). Subsequently, the proteins were blotted onto a nitrocellulose membrane (Amersham 

Protran 0.45 NC, GE Healthcare Life Sciences, Freiburg, Germany) and subjected to 

immunoblot analysis, as described below. The other 90% of each sample (i.e. 

immunoprecipitates; IPs) was used for immunoprecipitation through adding 2 µg mouse anti-

FLAG antibody (clone M2, Sigma-Aldrich) or mouse anti-HA antibody (clone 16B12, Abcam, 

Cambridge, UK). After 1.5 hours of rotation, 20 µl of washed immobilized Protein-A 

UltraLink® Resin (#53139, Thermo Fisher Scientific) was added to the IPs and the rotation 

continued for 1.5 hours at 4°C. Then, the beads were washed three times with RIPA buffer 

supplemented with the freshly added protease inhibitors. The proteins were eluted and 

denatured from the beads by heating the samples for 10 minutes at 37°C in RIPA buffer and 4x 

Laemmli supplemented with freshly added 10% β-mercaptoethanol. All IPs eluates were 

subjected to SDS-PAGE electrophoresis and immunoblotting, as described above. 

Immunoblots containing lysates or IPs were blocked in PBS with Licor blocking buffer (1:1, 

LI-COR Biosciences, Lincoln, NE, USA) at room temperature (RT) for 1 hour. Then, the 

immunoblots were incubated with rabbit anti-HA (1:2000, #GTX29110, Genetex, Irvine, CA, 

USA) or rabbit anti-FLAG (1:1000, #PA1-984B, Thermo Fisher Scientific) antibodies in 1:1 

Licor blocking buffer-PBST (PBS with 0.05% Tween 20) overnight at 4°C. The blots were 

washed three times with PBST for 10 minutes at RT. Next, the blots were incubated with 

donkey anti-rabbit secondary antibodies (1:15000), conjugated to IRDye680RD or 

IRDye800CW (LI-COR Biosciences), for 1 hour at RT. After incubation, the blots were washed 

three times with PBST and two times with PBS, each for 10 minutes at RT, protected from the 

light. Protein bands were visualized by the Odyssey imaging system (LI-COR Biosciences). 

6.2.4 Bioluminescence Resonance Energy Transfer1 assay 

HEK293T cells were transfected with a constant amount of pD2R-Rluc (200 ng) and increasing 

amounts of pM1R-YFP or pEYFP (0-1000 ng). Equal DNA ratios were maintained with co-

transfection of the empty vector pcDNA3.1, which equilibrated the total amount of transfected 

DNA. 48 hours post-transfection, the cells were washed three times with PBS, detached and 

resuspended in Hank’s balanced salt solution (HBSS; Thermo Fisher Scientific). An aliquot 

was used to determine the protein concentrations via the BCA assay, to control the number of 

cells. All cell suspensions were diluted to a density corresponding to a final protein 

concentration of 600 ng/µl. Cell suspensions (corresponding to 20 µg protein) were distributed 
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in duplicates into white and black 96-well microplates (#3600 and #3650, Corning, Stockholm, 

Sweden) for BRET1 and fluorescence measurements, respectively. The substrate, h-

coelenterazine (Molecular Probes, Eugene, OR, USA), was added at a 5 µM final concentration. 

After 1 minute (BRET1) and 10 minutes (Rluc total) the signals were measured using the 

ClarioSTAR microplate reader (BMG Labtech, Ortenberg, Germany) through the sequential 

integration of signal detection at 475 nm (445-505 nm) and 530 nm (500-560 nm). The net 

BRET1 ratio was expressed as a ratio of the light intensity at 530 nm over 475 nm by subtracting 

the background signal, which was detected when D2R-Rluc was only expressed with 

pcDNA3.1. The BRET1 curve was obtained by fitting the data points to a nonlinear regression 

equation assuming a single binding site using GraphPad Prism (San Diego, CA, USA). 

6.2.5 NanoLuciferase Binary Technology® assay 

HEK293T cells were transfected with constructs encoding for pM1R-LgBiT (200 ng) and 

pD2R-SmBiT (200 ng). As negative controls, the cells were transfected with a combination of 

pM1R-LgBiT and pCB1-SmBiT or pD2R-SmBiT and pCB2-LgBiT, each with DNA 

concentrations of 200 ng [38]. The functionality of the CB1-SmBiT and CB2-LgBiT constructs 

was demonstrated before. In all conditions, the construct encoding for the fluorescent protein 

Venus was co-transfected (5% of the total DNA transfected). The NanoBiT® assay was 

performed as described previously [39]. Briefly, 48 hours post-transfection, the cells were 

washed two times with PBS, detached and centrifuged for 5 minutes at 1.000 x g at RT. Protein 

concentrations were determined on an aliquot via the BCA assay and cell suspensions, 

normalized for cell number (via a corresponding protein concentration of 600 ng/µl), were 

diluted in HBSS. Following a 20-fold dilution of the Nano-Glo® Live Cell reagent (#N2011, 

Promega) containing the luminescent substrate furimazine in aqueous Nano-Glo® LCS dilution 

buffer, 25 µl of the diluted substrate was added to the wells of a 96-well plate containing 100 

µl cell suspension. Fluorescence (508-548 nm) or luminescence (440-480 nm) emission was 

measured with the ClarioSTAR microplate reader in black or white 96-well plates (#3650 and 

#3600, Corning), respectively. The luminescence data were normalized for the measured 

fluorescence signals to avoid signal fluctuations due to variations in transfection efficiencies.  

6.2.6 Animals  

Caesarean derived 1 (CD-1) mice (Janvier Labs, Le Genest-Saint-Isle, France), D2R knock-out 

(D2R KO) CD-1 mice and M1R knock-out (M1R KO) C57BL/6J were generated as described 

previously [40, 41]. Animals were housed and treated in compliance with the guidelines as 
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described in the Guide for the Care and Use of Laboratory Animals [42] and following the 

European Communities Council Directive (2010/63/EU), FELASA and ARRIVE guidelines. 

The animals were conventionally housed in groups of 4 or 5 in a temperature-controlled (22°C) 

and humidity-controlled (66%) environment under a 12h/12h light/dark cycle, where food and 

water intake was ad libitum. The study protocol was approved by the Ethical Committee on 

Animal Use and Care of the University of Barcelona (CEEA/UB). All efforts were made to 

minimize animal suffering and the number of animals used in this study. Behavioral tests were 

performed with wild-type (WT) mice aged 5 months, weighing 40-55 g, between 12:00 and 

18:00. 

6.2.7 Double immunofluorescence staining 

M1R KO mice were kindly provided by Dr. Adrian James Mogg (Eli Lilly and Company Ltd., 

Windlesham, UK) with permission of Dr. Jurgen Wess (National Institute of Diabetes and 

Digestive and Kidney Diseases, NIH, Bethesda, MD, USA). These mice were anesthetized and 

perfused intracardially with 50-200 ml of ice-cold 4% formaldehyde solution (Sigma-Aldrich) 

in PBS. Subsequently, the brains were post-fixed in 4% formaldehyde solution overnight at 

4°C. D2R KO and WT littermate fixed mouse brains were a kind gift from Dr. Jean-Martin 

Beaulieu (Centre de recherche en Santé Mentale de Québec, Québec, QC, Canada).  

Coronal brain sections (50 µm) were made with the Vibratome 1200S (Leica Lasertechnik 

GmbH, Heidelberg, Germany). Finally, the slices were collected and stored in antifreeze 

solution (30% glycerol, 30% ethylene glycol in PBS with pH 7.2) at -20°C until further 

processing. 

The coronal brain slices of WT, D2R KO and M1R KO were washed three times with PBS and 

permeabilized with 0.3% Triton X-100 in PBS for 2 hours at RT. Then, blocking was performed 

by incubating the slices with washing solution (PBS with 0.05% Triton X-100) containing 5% 

normal donkey serum (NDS; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, 

USA) for 2 hours at RT. Subsequently, the slices were incubated overnight at 4°C with rabbit 

anti-M1R polyclonal (1:300, #mAChR-M1-Rb-Af340, Frontier Institute Co. Ltd, Shinko-nishi, 

Ishikari, Hokkaido, Japan) and guinea pig anti-D2R polyclonal (1:300, #D2R-GP-Af500, 

Frontier Institute Co. Ltd) antibodies in washing solution with 1% NDS. In parallel, overnight 

incubations of WT brain slices only in washing solution served as negative controls. After 

overnight incubation, the slices were washed three times with washing solution containing 1% 

NDS for 10 minutes at RT. Next, slices were incubated with Alexa Fluor® 488-conjugated 
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donkey anti-guinea pig (1:400, #706-545-148, Jackson ImmunoResearch Laboratories, West 

Grove, PA, USA) and Cy3-conjugated donkey anti-rabbit (1:400, #711-166-152, Jackson 

ImmunoResearch) antibodies in washing solution with 1% NDS for 2 hours at RT. Then, the 

slices were washed three times with washing solution for 10 minutes at RT and stained with 

4',6-diamidino-2-phenylindole (DAPI; 1 µg/ml, #D9542, Sigma-Aldrich) for 15 minutes at RT. 

Finally, slices were washed twice with washing solution, twice with PBS for 10 minutes at RT 

and preserved in Vectashield (#H-1000, Vector Laboratories, Burlingame, CA, USA). Images 

were captured with a Zeiss laser scanning microscope 880 (Carl Zeiss AG, Jena, Germany). 

6.2.8 AlphaLISA® immunoassay 

The AlphaLISA® immunoassay was performed as preciously described [34]. Briefly, WT and 

D2R KO were euthanized by cervical dislocation, followed by dissection of striata on an ice-

cold plate. Then, striatum was rapidly homogenized in ice-cold 50 mM Tris-HCl (pH 7.4) with 

a Polytron at setting six for three periods of 10 seconds. The homogenate was centrifuged at 

1.000 x g for 10 minutes and the supernatant was transferred to a new Eppendorf. The protein 

concentrations were determined with the BCA assay and the membrane fractions were 

centrifuged at 12.000 x g for 30 minutes. The pellets were resuspended in assay buffer (20 mM 

MgCl2, 130 mM NaCl, 0.2 mM EDTA, 0.1 mg/ml Saponin and 0.5% IgG-free Bovine Serum 

Albumin) to a final protein concentration of 1.5 µg/µl. Donkey anti-guinea pig IgGs (#706-005-

148, Jackson ImmunoResearch Laboratories) were conjugated to the acceptor beads 

(#6762001, Perkin Elmer, Waltham, MA, USA), according to the manufacturer’s instructions. 

Subsequently, 10 µl of each striatal membrane in assay buffer were distributed in triplicate into 

a white 384 well-plate (384 Well Small Volume™ HiBase Microplates, Greiner Bio-one, 

Kremsmünster, Austria) and stored for 1 hour at 4°C. Subsequently, the membranes (i.e. WT 

and D2R KO) were incubated with rabbit anti-M1R polyclonal (10 nM, #mAChR-M1-Rb-

Af340, Frontier Institute Co. Ltd) and guinea pig anti-D2R polyclonal (10 nM, #D2R-GP-

Af500, Frontier Institute Co. Ltd) antibodies in assay buffer overnight at 4°C. In the WT 

negative controls only the anti-M1R antibody was added, whereas the D2R KO negative controls 

were incubated with assay buffer overnight at 4°C. Next, acceptor beads (40 µg/ml) were added 

to each well for 1 hour. Then, the anti-rabbit IgG Alpha donor beads (40 µg/ml, #AS105D, 

Perkin Elmer) were added and mixed with the acceptor beads by pipetting up and down. Any 

prolonged light exposure was avoided. Finally, after 1 hour incubation the donor beads were 

excited (640-720 nm) and acceptor beads emission (597-633 nm) was measured with the 

ClarioSTAR microplate reader. 
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6.2.9 Open field test 

Mice were administered subcutaneously (s.c.) with reserpine (3 mg/kg, Sigma-Aldrich) or 

vehicle (saline with 5% Tween 20, s.c.) 20.5 ± 2 hours before the test. Then, mice were 

administered with vehicle (saline with 5% DMSO and 5% Tween 20, i.p.), sumanirole (1, 3 or 

10 mg/kg, i.p., Sigma-Aldrich) and/or VU0255035 (10 mg/kg, i.p., Tocris Biosciences, Bristol, 

UK) 10 minutes before each open field test. The mice were evaluated for drug-induced 

locomotor activity as described previously [41]. Briefly, non-habituated mice were placed in 

the center of an activity field apparatus (30 × 30 cm, surrounded by four 50-cm-high black 

walls) equipped with a camera above to record activity. Exploratory behavior of the animals 

was recorded for 85 minutes. The distance travelled was analyzed using the Spot tracker 

function from Image J (NIH, Bethesda, MD, USA). All open field tests were performed in a 

sound attenuated room, illuminated by light of 15 lux. After each trail, the apparatus was 

cleaned with 70% alcohol and rinsed with water. 

6.2.10 Horizontal bar test 

Catalepsy was induced in mice by the administration of reserpine (3 mg/kg, s.c.) overnight 

(20.5 ± 2 hours). Vehicle, sumanirole (1, 3 or 10 mg/kg, i.p.) and/or VU0255035 (10 mg/kg, 

i.p.) was administered and 1.5 hours later catalepsy was measured as described previously [41, 

43]. Briefly, using a stopwatch with a cutoff time of 120 seconds, the duration of an abnormal 

upright posture was measured, in which the forepaws of the mouse were placed on a horizontal 

wooden bar (0.6 cm diameter) that was located 4.5 cm above the floor. 

6.2.11 Tremulous jaw movements 

Mice were administered with reserpine (3 mg/kg, s.c.) or vehicle (saline with 5% Tween 20, 

s.c.). Subsequently, vehicle (saline with 5% DMSO and 5% Tween 20, i.p.), sumanirole (1-10 

mg/kg, i.p.) and/or VU0255035 (10 mg/kg, i.p.) was administered 1.5 hours before the test and 

22 ± 2 hours after reserpine treatment. The tremulous jaw movements (TJMs) were measured 

with hand-operated counters, as described previously [43]. Briefly, the mice were placed 

individually in a glass cylinder (13 cm diameter) and allowed to habituate for 10 minutes. 

Mirrors were placed under and behind the cylinder to allow observation when the animal faced 

away from the observer. TJMs were defined as rapid vertical deflections of the lower jaw that 

resembled chewing, but were not directed to any particular stimulus [44]. The incidence of 

these oral movements was measured continuously for 10 minutes, but were discounted during 

grooming.  
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6.2.12 Statistical analysis 

The number of biological replicates (n) in each experimental condition is indicated in the Figure 

legends. Data of behavioral studies are expressed as the mean ± SEM, all the other data are 

presented as the mean ± SD. Numerical data were imported to GraphPad Prism version 6.00 

for Windows (GraphPad Software, La Jolla, CA, USA). Statistical analysis of cellular or tissue 

data was performed using the Mann-Whitney U test or the nonparametric analysis of variance 

(ANOVA) by ranks of Kruskal-Wallis test followed by the Dunn’s multiple comparisons post-

hoc test. Behavioral data was analyzed with the one-way ANOVA or the two-way repeated 

measures ANOVA followed by the Tukey’s or Dunnett’s multiple comparison post-hoc test. A 

value of p ≤ 0.05 was considered as statistically significant. 

6.3 Results 

6.3.1 D2R-M1R interaction in HEK293T cells 

The ability of D2R and M1R to physically interact in living cells was assessed by biochemical 

and biophysical assays. First, co-immunoprecipitation experiments were performed in 

transiently transfected HEK293T cells. Interestingly, when HA-M1R was immunoprecipitated 

from FLAG-D2R and HA-M1R co-transfected HEK293T cells, a specific immunoreactive band 

of 90-100 kDa corresponding to FLAG-D2R was detected (Figure 6.1A, IPs). It is important to 

note that this band was not observed when the cells were transfected with a single receptor plus 

an empty plasmid or from an extract mix of separate transfected cells. Moreover, the D2R and 

M1R constructs were properly expressed in the whole set-up (Figure 6.1A, lysates). These 

results indicate that D2R and M1R are expressed within the same membrane context and are 

prone to interact. 

Subsequently, the existence of D2R-M1R complexes was verified by means of BRET1 saturation 

assays. Accordingly, HEK293T cells were co-transfected with a constant amount of the D2R-

Rluc construct and increasing concentrations of M1R-YFP or YFP plasmids (Figure 6.1B). A 

positive BRET signal was observed when D2R-Rluc and M1R-YFP were co-expressed, due to 

the energy transfer between Rluc and YFP. Conversely, in cells co-expressing D2R-Rluc and 

YFP, no BRET1 signal was observed. Overall, the BRET1 data demonstrated that D2R and M1R 

are in close proximity (<10 nm), thus supporting the existence of D2R-M1R complexes in living 

cells [45, 46]. 
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Figure 6.1 – D2R-M1R interaction in transiently transfected HEK293T cells. (A) Co-immunoprecipitation 

(CoIP). HEK293T cells were harvested and lysed 48 hours after transfection. The lysates were used for 

immunoblotting (IB) with anti-FLAG and anti-HA antibodies to demonstrate D2R and M1R expression, 

respectively (left panels). The other part of the samples (immunoprecipitates; IPs) were subjected to 

immunoprecipitation with a mouse anti-HA antibody. The CoIP was confirmed via the detection of FLAG-D2R 

upon IB with rabbit anti-FLAG and rabbit anti-HA antibodies (right panel; boxed lane). Data shown are 

representative of three independent experiments. (B) BRET1 saturation curve. The BRET1 signal in HEK293T 

cells co-expressing a constant amount of D2R-Rluc and increasing amounts of M1R-YFP (n=5) or YFP (n=3) 

constructs was measured 48 hours post-transfection. The BRET1 saturation curve is derived from independent 

experiments. (C) NanoBiT® complementation assay. The SmBiT and LgBiT parts of the NanoLuciferase were 

fused to the indicated receptor. The constructs were overexpressed via transient transfection in HEK293T cells. 

Results are presented as mean ± SD (n=3). Statistical significance was tested using the nonparametric ANOVA by 

ranks of Kruskal-Wallis followed by the Dunn’s multiple comparisons post-hoc test, * = p ≤ 0.05. 

Finally, we implemented the complementation-based NanoBiT® assay to further validate the 

D2R-M1R interaction in HEK293T cells (Figure 6.1C). This assay utilizes two inactive 

fragments of a split NL, which, when fused to two interacting proteins, come into close 

proximity and re-assemble into a functional protein [47]. As shown in Figure 6.1C, co-

expression of M1R and D2R fused to the large and small subunits of a split NL (M1R-LgBiT 
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and D2R-SmBiT, respectively), yielded a high luminescent signal (Figure 6.1C), when 

compared to HEK293T cells expressing either constructs for M1R and CB1 (M1R-LgBiT + CB1-

SmBiT) or D2R and CB2 (D2R-SmBiT + CB2-LgBiT), as previously reported [39]. In addition, 

very low signals were observed in cells expressing either M1R (19 ± 3.5) or D2R (9 ± 1.7) along 

with HaloTag-SmBiT or HaloTag-LgBiT, respectively. Altogether, our results support 

heteromer formation by ectopically expressed M1R and D2R in HEK293T cells. 

6.3.2 Co-distribution of D2R and M1R in the mouse striatum 

Once the existence of D2R-M1R complexes in a heterologous expressing system was 

demonstrated, we aimed to verify whether this interaction may also occur in native tissue. To 

this end, we first analyzed D2R-M1R expression in mouse striatum by double 

immunofluorescence staining. The specificity of the anti-D2R and anti-M1R antibodies was 

validated by using striatal tissues and slices from D2R and M1R deficient mice (D2R KO and 

M1R KO, respectively) (Figure 6.2 and 6.3). 

 

Figure 6.2 – Validation of the anti-D2R and anti-M1R antibodies via Western Blotting. (A) The anti-D2R 

antibody used in our study demonstrates some specificity for D2Rs in striatal tissue under reducing conditions. 

Extracts of the striatum from D2R KO, D2R heterozygous (HET) and wild-type (WT) CD-1 littermates were loaded 

on 10% SDS-PAGE. The anti-α-Tubulin antibody was used to control for equal loading of the samples. (B) The 

anti-M1R antibody used in the study demonstrates high specificity for M1Rs in striatal tissue under reducing 

conditions. Extracts of the striatum from M1R KO and WT with C57BL/6J background were loaded on 10% SDS-

PAGE. The anti-α-Tubulin antibody was used to control for equal loading of the samples. Abbreviations: kDa = 

kilodaltons, KO = knock-out. 
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Figure 6.3 – Validation of the anti-D2R and anti-M1R antibodies via double immunofluorescence staining 

in mouse brains. Images of coronal slices from mouse brains representing the dorsal striatum, corpus callosum 

and cortex with staining of D2R-positive cells (green), M1R-positive cells (red) and DAPI-positive nuclei (blue). 

Minimal signal intensities were observed with the anti-D2R and anti-M1R antibodies in the D2R KO and M1R KO 

mice, respectively. Data shown are representative of two independent experiments. Scale bar = 100 µm. 

High-magnification images of the dorsal striatum from WT mice showed a high degree of D2R 

and M1R co-distribution (Figure 6.4A, arrows). Subsequently, to further demonstrate a close 

proximity (<200 nm) between both receptor types we performed an AlphaLISA® immunoassay, 

as described previously [34]. Briefly, striatal membrane extracts were first incubated with 

specific primary antibodies against the receptor, which can be recognized by secondary 

antibodies tagged with beads able to engage in an energy transfer after the production of a 

singlet oxygen [34]. A significant higher energy transfer was observed in the WT compared to 

its corresponding negative control (WT vs. WT (one Prim Ab); p ≤ 0.05, Figure 6.4B). In 

addition, analysis of striatal D2R KO tissue did not result in a significant difference in signal 

with or without adding primary antibodies (Figure 6.4B). These results support the existence of 

the interaction (or at least the very close proximity) between D2R and M1R in native tissue, 

namely the mouse striatum. 
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Figure 6.4 – Co-distribution of D2R and M1R in the mouse striatum. (A) Double immunofluorescence staining. 

Representative images of specific immunoreactivities with anti-D2R and anti-M1R antibodies in the dorsal striatum 

of wild-type (WT) CD-1 mice. Overlapping immunofluorescence signals are indicated with arrows. Images shown 

are representative of two independent experiments. Scale bar = 50 µm. (B) AlphaLISA® immunoassay. Specific 

signal obtained from striatal WT and D2R KO mice, with or without adding one or two primary antibodies. Results 

are presented as mean ± SD (n=4). Statistical significance was tested using the Mann-Whitney U test, * = p ≤ 0.05. 

6.3.3 Multimodal D2R agonist and M1R antagonist treatment of 

reserpinized mice 

The data obtained in HEK293T cells and striatal slices support the notion that D2R and M1R 

might physically interact in the striatum. Therefore, we hypothesized that this receptor-receptor 

interaction might constitute a molecular target for multimodal pharmacological interventions 

to finely control striatal motor activity. Accordingly, we tested the effects of a combined drug 

treatment regimen (D2R agonist + M1R antagonist) in a well-known model of PD, i.e. the 

reserpinized mouse [48, 49]. The drugs used were the D2R-selective agonist sumanirole and the 

M1R-selective antagonist VU0255035. Sumanirole was chosen as it shows 200-fold more 

selectivity for D2R than for other DA receptors subtypes and as it has been used both in human 
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patients and animal models of PD [50-52]. Similarly, the competitive orthosteric antagonist 

VU0255035 has a 75-fold higher selectivity for M1R over other mAChR subtypes [53]. In 

addition, both compounds have already been tested individually in reserpine-treated animals 

[15, 51].  

First, we evaluated the effects of the D2R agonist sumanirole. Mice were treated with reserpine 

(3 mg/kg, s.c., overnight) and, thereafter, with the selective D2R agonist. Interestingly, 

sumanirole only promoted an increase in locomotion at the highest dose (10 mg/kg) (Figure 

6.5A and B). Similarly, only at 10 mg/kg, sumanirole blocked the cataleptic effects induced by 

reserpine, while a slight but non-significant reduction of TJMs was observed (Figure 6.5C and 

D). Thus, based on these data, we selected 3 mg/kg of sumanirole (i.e. suboptimal dose) for 

further multimodal experiments in combination with the M1R antagonist VU0255035. A dosage 

of 10 mg/kg of VU0255035 was selected based both on a pilot study and its pharmacokinetic 

profile. According to Scheffler et al., 2009, 10 mg/kg VU0255035 (i.p.) was sufficient to cross 

the blood brain barrier, with maximal M1R inhibition after 30 minutes and an elimination half-

life of ~2.5 hours in the brain. In addition, this concentration was also reported not to impair 

contextual fear conditioning, a model for hippocampus-dependent learning [53]. 

In animals that received the combined treatment with VU0255035 and sumanirole (VU + SUM; 

10 mg/kg and 3 mg/kg, i.p.) we observed a significant (p ≤ 0.05) reversal of the reserpine-

induced akinesia (Figure 6.6). In contrast, in none of the animals treated with VU or SUM alone 

the akinetic status was reversed (Figure 6.6A). Our findings suggest a fine balance in locomotor 

activity between reserpine-induced akinesia and VU + SUM treatment. It is interesting to note 

that the VU + SUM administered animals showed an increase in locomotor activity after ~25 

minutes, which is in accordance with the pharmacokinetic profile of VU (Figure 6.6B). Thus, 

significant differences in locomotion were observed between the VU + SUM treated group 

compared to the groups receiving a single treatment. In line with the results obtained when 

evaluating locomotion, a significant reduction in reserpine-induced catalepsy and TJMs was 

observed in VU + SUM treated mice compared to those that were administered a single agent 

(Figure 6.6C and D). Although a reduction in tremors was observed in mice treated with VU, 

this was not significant compared to the reserpine-treated mice without any treatment (VEH). 

Overall, our data support the use of low D2R agonist doses in combination with an M1R 

antagonist as a novel multimodal antiparkinsonian pharmacotherapy. 
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Figure 6.5 – Sumanirole dosage-response of reserpine-induced motor disturbances in mice. The mice were 

treated with VEH (saline and 5% Tween, i.p.), or 1, 3 or 10 mg/kg SUM (sumanirole, 1, 3, 10 mg/kg, respectively, 

i.p.) after reserpine administration (3 mg/kg, s.c., 20.5 ± 2 hours) and evaluated via the (A, B) open field test, (C) 

horizontal bar test and (D) for tremulous jaw movements (TJMs). (A) The total distance traveled (cm) was 

measured for 85 minutes. Results are presented as mean ± SEM (n=7-8 animals). Statistical significance was tested 

using one-way ANOVA, followed by the Dunnett’s post-hoc test, with VEH, 1 SUM and 3 SUM compared to 10 

SUM animals, ** = p ≤ 0.01. (B) The distance traveled (cm) was measured every 5 minutes for 85 minutes. Results 

are presented as mean ± SEM (n=7-8 animals). Statistical significance was tested using two-way repeated measures 

ANOVA followed by the Tukey’s post-hoc test, with VEH, 1 SUM and 3 SUM compared to 10 SUM animals, * 

= p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001 and **** = p ≤ 0.0001. (C) Reserpine-induced catalepsy in mice evaluated 

via the horizontal bar test, with cutoff value of 120 seconds. Results are presented as mean ± SEM (n=7-8 animals). 

Statistical significance was tested using one-way ANOVA followed by the Tukey’s post-hoc test, ** = p ≤ 0.01. 

(D) Reserpine-induced orofacial dyskinesia evaluated by TJMs for 10 minutes. Results are presented as mean ± 

SEM (n=7-8 animals). Statistical significance was tested using one-way ANOVA followed by the Tukey’s post-

hoc test, ** = p ≤ 0.01. 
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Figure 6.6 – Effect of the multimodal treatment with suboptimal dosages of sumanirole and VU0255035 on 

reserpine-induced motor disturbances in mice. Mice treated with saline (control mice = Ctrl), VEH (saline with 

5% Tween, i.p.), VU (VU0255035, 10 mg/kg, i.p), SUM (sumanirole, 3 mg/kg. i.p.) or VU + SUM (VU0255035, 

10 mg/kg and sumanirole, 3 mg/kg, i.p.) after reserpine administration (3 mg/kg, s.c., 20.5 ± 2 hours) were 

evaluated via the (A, B) open field test, (C) horizontal bar test and (D) for tremulous jaw movements (TJMs). (A) 

The total distance traveled (cm) was measured for 85 minutes. Results are presented as mean ± SEM (n=8-9 

animals). Statistical significance was tested using one-way ANOVA followed by the Dunnett’s post-hoc test with 

VEH, VU and SUM compared to VU + SUM animals, * = p ≤ 0.05. (B) The distance traveled (cm) was measured 

every 5 minutes for 85 minutes. Results are presented as mean ± SEM (n=8-9 animals). Statistical significance 

was tested using two-way repeated measures ANOVA followed by the Tukey’s post-hoc test with VEH, VU and 

SUM compared to VU + SUM animals, * = p ≤ 0.05, ** = p ≤ 0.01 and *** = p ≤ 0.001. (C) Reserpine-induced 

catalepsy in mice evaluated via the horizontal bar test with a cutoff value of 120 seconds. Results are presented as 

mean ± SEM (n=8-13 animals). Statistical significance was tested using one-way ANOVA followed by the 

Tukey’s post-hoc test with VEH, VU and SUM compared to VU + SUM animals, * = p ≤ 0.05, *** = p ≤ 0.001 and 
**** = p ≤ 0.0001. (D) Reserpine-induced orofacial dyskinesia evaluated by TJMs frequency for 10 minutes. Results 

are presented as mean ± SEM (n=9-13 animals). Statistical significance was tested using one-way ANOVA 

followed by the Tukey’s post-hoc test with VEH, VU and SUM compared to VU + SUM animals, ** = p ≤ 0.01. 
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6.4 Discussion 

A variety of D2R oligomer complexes has been previously described [31, 54-57], in contrast to 

the few reported for M1R [58, 59].	In the present study, we observed, for the first time, the 

existence of D2R-M1R heteromers. In addition, we provide data supporting a novel multimodal 

antiparkinsonian treatment, consisting of the use of low D2R agonist doses in combination with 

an M1R antagonist. Notably, molecular and functional alterations in striatal D2R containing 

oligomers (i.e. D2R-A2AR) have already been demonstrated both in animal models of disease 

and PD patients, suggesting that these receptor-receptor interactions might constitute a potential 

target in dopamine-related diseases [34, 54, 60]. Similar to the D2R-A2AR interaction, both D2R 

and M1R are expressed at postsynaptic membranes of striatopallidal MSNs, which may make 

these receptor complexes interesting targets modulating of dopaminergic neurotransmission in 

PD [19, 30, 61].  

In our study, the functional interplay between D2R and M1R was demonstrated by the co-

administration of a D2R agonist and an M1R antagonist to reserpinized mice, which is an animal 

model that mimics parkinsonian motor and non-motor impairments [48, 49]. The reserpine 

animal model was one of the first models used to demonstrate the therapeutic efficacy of L-

DOPA, which still remains the gold-standard in PD therapy [8]. Nowadays, D2R selective 

agonists are also included in the pharmacotherapeutic munition in PD management. Of note, 

although the full D2R agonist sumanirole has a high affinity for D2R, it also has a moderate 

affinity for the serotonin 5-HT1A receptor (Ki = 95 nM) [51, 62, 63]. However, according to 

Weber et al., 2010, the suboptimal sumanirole concentration applied in our study should not 

result in 5-HT1A receptor off-target effects [64]. It is worth mentioning that our results, using a 

suboptimal concentration of sumanirole, are not in line with the findings of another study, 

which also used a reserpine animal model [51]. The discrepancy could be owing to differences 

in species (mice vs. rats), reserpine inductions (3 mg/kg vs. 5 mg/kg + AMPT), administration 

routes of sumanirole (i.p. vs. s.c.) and/or time of reserpine pretreatments (20.5 vs. 18 hours). 

Nevertheless, a long-term effect in locomotion at high sumanirole doses was demonstrated in 

both studies, which has been suggested due to the postsynaptic D2R activation [51]. In addition, 

the administered dose of the competitive orthosteric M1R antagonist VU0255035 results in 

maximal receptor inhibition, with a high brain penetration after 30 minutes, without impairment 

in hippocampus-dependent learning tasks [53]. The combined treatment increased locomotor 

activity and decreased the time of catalepsy and the amount of TJMs in our animal model, 

whereas the reduction in TJMs was mostly due to the M1R antagonist [12, 65]. 
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The dysregulation of dopaminergic or cholinergic systems has been linked to movement 

disorders, such as dystonia, Huntington’s disease or PD [23]. Nowadays, at the early stages, PD 

therapy is commonly initiated with D2R agonists, which do not require carrier-mediated 

transport nor produce potentially toxic metabolites and free radicals [4, 66]. However, D2R 

agonists may elicit severe adverse effects such as valvular heart disease or psychiatric 

disturbances [3, 12, 65], that are probably induced by activating D3Rs and D4Rs [51, 67]. 

Despite of its high D2R selectivity, sumanirole has not demonstrated a clinical improvement 

over ropinirole [50, 68]. As shown in the present study, sumanirole remains a valuable tool in 

lead optimization, drug discovery and animal models, where the novel D2R-M1R interaction 

may provide a rationale to target specific receptor subtypes in the treatment of PD. In addition, 

reducing the amount of D2R agonist by supplementing a mAChR subtype (i.e. M1R) selective 

antagonist in a multimodal pharmacological approach, may achieve an effective treatment and 

induce less adverse effects. The mAChRs play important roles in cognitive, motor, behavioral, 

sensory and autonomic processes. Scopolamine, a non-selective mAChR antagonist, while 

robustly increasing the locomotor activity in reserpine-induced akinetic rats, induced learning 

and memory impairments [15, 53]. Most cognitive adverse effects observed with 

anticholinergic therapies are likely due to the result of M2R and M3R activations [69, 70].	

Conversely, a selective M1R blockade has been shown to exhibit some antiparkinsonian 

activity, although its efficacy was moderate, when compared with non-selective 

anticholinergics [10, 13, 15]. This is probably due to activation of other mAChRs, which also 

have important roles in the motor circuits of the basal ganglia (e.g. M4R). Indeed, antagonizing 

M1R mainly has an excitatory effect on GABAergic MSNs, but no or only a partial effect at the 

subthalamic nucleus (STN) and substantia nigra pars reticulata (SNpr) [10, 15]. Interestingly, 

mice lacking the M1R have an increased locomotor activity [71, 72]. These M1R KO mice have 

increased extracellular dopamine levels in the striatum, which suggests that inhibiting the M1R 

positively affects PD treatment [71]. Moreover, the M1R KO mice were shown to maintain 

contextual fear recognition, which indicates that M1R might not be involved in the initial 

stability of memory or in its formation in the hippocampus [72, 73]. Accordingly, the main 

benefit to target M1R over other mAChRs is due to its selective role in controlling locomotor 

activity, whereas its input is less critical for cognitive processes [72].  
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6.5 Conclusion 

In conclusion, we demonstrated for the first time an interaction between D2R and M1R. 

Interestingly, our results suggest an extensive integration of dopaminergic and cholinergic 

neurotransmission systems in the striatum, where inhibition by DA is predicted to facilitate 

locomotor activity and activation by ACh inhibits locomotion via striatopallidal MSNs [29]. 

Using reserpinized mice as a model for PD, we demonstrated the effectiveness of a multimodal 

treatment, combining a suboptimal dosage of the selective D2R agonist sumanirole and the M1R 

specific antagonist VU0255035. Overall, further functional exploitation of this novel D2R-M1R 

interaction may provide beneficial opportunities in PD treatment. 
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Central nervous system (CNS) disorders are characterized by a high frequency of disability and 

mortality, with a pathogenesis that is not completely understood. As the global population is 

growing and aging, the prevalence of CNS disorders will steeply increase with time. This 

implies that governments will have to deal with higher demands for medical treatments, 

rehabilitations and an expansion of their national health care system. At the moment, 

neurological disorders are estimated to affect around a billion people, which is almost one in 

seven of the world’s population. Neurological disorders are present in all age groups and 

geographical locations, but due to variable risk factors, such as genetic predisposition and 

environmental conditions, the contribution of a disorder to the overall burden varies between 

regions (Figure 7.1) [1, 2]. 

In many low-income countries there is a continuing high level of infections, some of which 

may result in neurological disorders (e.g. Zika virus), and an increase in noncommunicable 

diseases (e.g. epilepsy) [3]. Although there are low-cost and highly effective anti-epileptic 

drugs (AEDs) available that reduce disability, morbidity and mortality, more than 75% of those 

with active epilepsy are untreated, as about 80% live in low- and middle-income countries [4]. 

In addition, epilepsy is still stigmatized in many societies, which is reflected by the perception 

about this neurological disorder. For instance, in India and China, epilepsy is commonly viewed 

as a reason for annulling or prohibiting marriages [5].  

 

Figure 7.1 – Ranking of disability-adjusted life-years of selected neurological disorders in 2016. Source: 

Collaborators et al., 2019 [1]. 
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In addition, the demographical transition from a young to an older population in many high-

income countries causes an increase in different neurological disorders such as Alzheimer’s 

disease (AD) and Parkinson’s disease (PD). As with many neurodegenerative diseases, an older 

brain is ‘primed’ to render the CNS more susceptible to damage [6]. For instance, the increase 

of people affected by dementia is predicted to be more than tripled by 2050 [7]. The 

socioeconomic burden will be enormous and the government expenses are expected to increase 

steeply. Previous estimations demonstrated that the annual economic cost of brain disorders 

(i.e. mental and neurological) in Europe had already more than doubled between 2004 and 2010, 

from €386 billion to €798 billion. The European annual cost (expressed in billion €, in 2010) 

of brain disorders with a substantial relevance for this thesis was as follows: dementia (~65% 

is AD) 105.2, PD 13.9 and epilepsy (~60% is temporal lobe epilepsy; TLE) 13.8 [8, 9]. 

In the past decades, significant progress has been made in the diagnosis and treatment of CNS 

disorders. Nevertheless, many therapies are based on symptomatic relief, which demonstrates 

that more knowledge is required to develop novel therapeutic strategies (e.g. disease-modifying 

therapeutics). A biomarker is defined by the World Health Organization as “almost any 

measurement reflecting an interaction between a biological system and a potential hazard, 

which may be chemical, physical, or biological” [10]. Ideally, such biomarkers can be used to 

screen large populations, with a detection method that is robust, non-invasive and inexpensive 

[11]. Like this, biomarkers might be able to detect neurological disorders in their prodromal, 

preclinical and latent phases. In contrast, now, most neurological pathologies are only 

diagnosed at a late-stage of the disease, when massive neuronal death may already have 

occurred and effective therapeutic interventions may be more problematic.  

In 1983, the biochemist Kary Mullis discovered the polymerase chain reaction (PCR), which 

has revolutionized molecular biology [12]. Basically, the PCR comprises the ability to create a 

tremendous amount of DNA copies from a single or a limited amount of DNA, using a 

polymerase enzyme, primers and multiple thermal cycles [13]. During the past years, several 

advances were made, including the implementation of enzymes that could stand high 

temperatures. In 1991, the pharmaceutical company Roche acquired this technique and 

optimized it further for commercial purposes. During the last 15 years, PCR has become more 

accurate at lower costs. Nowadays, the technique is used in clinical diagnosis (e.g. HIV or 

hepatitis C) and gene expression analysis, which requires RNA extraction and reverse 

transcription (RT) of RNA to cDNA prior to the quantitative PCR, a procedure also known as 

reverse transcriptase quantitative PCR (RT-qPCR) [14]. 
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When inferring conclusions from obtained RT-qPCR data, it is pivotal that a robust 

normalization strategy is used, which corrects for potential errors, amongst which pipetting 

errors, starting material quality variations, differences in RNA extractions, errors in sample 

quantifications and others [15]. The most popular strategy is to use one or multiple 

endogenously expressed reference genes (e.g. Actb), that are abundantly expressed, not co-

regulated with the genes of interests and have a similar expression across normal and 

pathophysiological conditions [16]. However, it has been shown that also the expression levels 

of many of these “reference” genes can be affected in various pathological conditions [17, 18].  

In Chapter 3 and Chapter 4 of this thesis, we described two comprehensive reference studies 

for a rat model of TLE and a mouse model of AD, respectively. In these studies we validated 

for the first time the use of two Short Interspersed Nuclear Elements (SINEs) as an alternative 

normalization strategy for RT-qPCR data in rodent models (rat vs. mouse, pharmacological 

model vs. transgenic model and TLE vs. AD) [19, 20]. In our hands, the SINEs were most stable 

amongst all experimental conditions (i.e. tissue and disease progression) in the rodent model of 

TLE, whereas they were in the rodent model of AD only suitable as a normalization strategy in 

hippocampal tissues. The scientific value has to be established through the validation of these 

SINEs in other models. At the moment, these repeat elements are being validated in 

hippocampal tissue of a rodent model for Fetal Alcohol Syndrome (Dr. Anne Le Mouël, Paris 

Diderot University).  

RT-qPCR analyses are susceptible to variation between or even within laboratories, such as the 

use of different RNA extraction protocols that may influence the RNA purity and integrity. 

Furthermore, the RT-qPCR may be performed by either a two-step or a one-step protocol. In 

the two-step RT-qPCR, the RT and qPCR are separated, whereas in the one-step RT-qPCR both 

reactions occur in the same tube. The one-step protocol reduces the variations in pipetting errors 

and contamination, but may impede an optimal RT-qPCR as the reagents and reaction 

conditions have to be adjusted for both reverse transcriptase and Taq polymerase. Moreover, 

the reverse transcriptases are not thermostable and the reaction cannot proceed at high 

temperatures, which are necessary to unfold strong secondary RNA structures [15]. Recently, 

a novel thermostable Taq DNA polymerase (Volcano2G DNA polymerase) with an artificially 

induced RT activity was successful to perform a so-called “zero-step” method, which facilitates 

a RT-qPCR directly from RNA templates, only requiring cell lysis prior to the reaction [21]. 

As a matter of fact, tools have become available that allow direct RNA profiling from tissue or 

liquids, as exemplified by the completely automated Idylla™ platform, where all steps are 
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enclosed in a single cartridge (Figure 7.2), including the 

liquefaction, cell lysis, RNA extraction, RT-qPCR, signal 

detection and data analysis, in less than 2.5 hours (Biocartis, 

Mechelen, Belgium) [22]. At the moment, this assay is only 

available for biomarker detection of different cancer types. 

However, this platform could be made applicable to detect 

biomarkers that are associated with CNS disorders in their 

prodromal and preclinical stages, as multiple genes can be 

detected in a reaction by one cartridge [23].  

Many attempts are being made to search for biomarkers in neurological disorders. Interestingly, 

recent studies have demonstrated associations between several dysregulated microRNAs 

(miRNAs) and CNS disorders, such as epilepsy and AD [24, 25]. For instance, the miR-501-3p 

was downregulated in biological fluids of AD patients and its expression levels correlated 

positively with the subjects’ lower Mini-Mental State Examination score [26]. miRNAs are 

small non-coding RNAs that post-transcriptionally regulate gene expression by targeting 

messenger RNAs (mRNAs), which results in the transcriptional inhibition or degradation of the 

targeted mRNA [27]. The miRNAs found in the nervous system play a crucial role in many 

processes, such as the regulation of dendritic spine morphology, neuronal differentiation, 

neurite outgrowth and synaptic plasticity. However, due to their modulation of a large number 

of genes and due to the variability between study results, a better strategy might be to use 

multiple miRNA’s and to obtain a biomarker profile for a particular CNS disorder. A major 

advantage is that miRNAs are stable in biological fluids, such as plasma, CSF and serum, and 

can be detected by quick and low-cost methods. Altered expression levels of different miRNAs 

have been observed in animal models of CNS disorders as well [24]. In general, biomarkers 

(e.g. miRNAs or mRNAs) could be used to evaluate the efficiency of new potential therapeutic 

agents or treatment regiments, whereas animal models play a crucial role in discovering novel 

pharmacological therapies. Therefore, it would be of high interest to search for possible 

biomarkers in our animal models with our previously determined optimal reference genes. 

In Chapter 5, we applied a normalization strategy including SINEs to obtain normalized 

mRNA gene expression profiles of the group I metabotropic glutamate (mGlu) receptors (i.e. 

mGlu1 and mGlu5), group II mGlu2 receptor and Homer1 scaffolding proteins (i.e. Homer1a 

and Homer1b/c) in three phases of epileptogenesis in a model of TLE. Interestingly, we 

observed a Homer1b/c downregulation at the mRNA and protein level, only in the latent phase, 

Figure 7.2 – IdyllaTM cartridge. 
Fully automated sample-to-result 
process. Source: Biocartis [22]. 
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which is a period in epileptogenesis where spontaneous recurrent seizures (SRS) are extremely 

rare. Cao et al. (2015) observed a positive correlation between the Homer1b/c expression level 

and seizure severity or hyperexcitability in the hippocampus [28]. Therefore, reducing the 

expression of these scaffolding proteins may be an interesting strategy for the development of 

novel AEDs, which would be of interest to further investigate in subsequent studies.  

Epilepsy only develops in those people whose brains demonstrate a pathological and enduring 

tendency to have SRS, which may be provoked after an initial precipitation event, such as a 

trauma, CNS infection or stroke [29]. Currently, the main diagnostic tool for epilepsy is through 

electroencephalography (EEG). However, the relatively low specificity of EEG necessitates the 

search for novel biomarkers in post-epileptic brain damage, which would make it possible to 

develop targeted treatments to prevent the establishment of SRS [25]. Zhu et al. (2016) found 

that the mRNA expression levels of Homer1 and Homer2, but not Homer3, were significantly 

upregulated in peripheral blood leukocytes of human patients with large-artery artherosclerosis 

(LAA) strokes, but not in those with non-LAA or controls [30]. Our data, obtained from a 

preclinical model, indicate that it may be interesting to do further research on the potential of 

Homer1b/c as a diagnostic tool in the latent phase of TLE.  

Nowadays, many types of pharmacological drugs for TLE treatment are available, including (i) 

inhibitors of voltage-sensitive Na+ channels, e.g. phenytoin and carbamazepine; (ii) inhibitors 

of voltage-sensitive Ca2+ channels, e.g. ethosuximide and pregabalin; (iii) drugs with 

pleiotropic actions, e.g. valproate and topiramate; (iv) drugs interacting with the synaptic 

vesicle protein 2A (SV2A), e.g. levetiracetam; and (v) GABA-mimetic drugs, e.g. 

benzodiazepines and barbiturates [31]. Nevertheless, around one-third of the TLE patients do 

not respond to these drugs. The mGlu receptors may be another interesting target in the 

development of new AEDs. Their potential roles in the pathophysiology and treatment of 

epilepsy have been discussed in various review articles [31-33].  

In this thesis, we observed a decrease in mRNA expression levels of group I mGlu receptors in 

the period of the epileptogenesis in which the SRS were established, whereas the protein level 

of hippocampal mGlu5 receptor expression was decreased in all phases, as described in 

Chapter 5. In contrast, human patients with intractable TLE have upregulated expressions of 

mGlu5 receptors in the hippocampus. Irrespective of whether an up- or downregulation of the 

mGlu5 receptor is involved, the observed modulation infers the possibility that this receptor 

contributes to mechanisms of maladaptive neuronal plasticity, which may sustain seizures 

associated with TLE, or may represent a defensive mechanism of postsynaptic adaptation that 
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tries to control over-excitation [34, 35]. Antagonizing group I mGlu receptors has been 

demonstrated as a protective mechanism in animal models of convulsive seizure [36-39]. 

However, mice lacking the mGlu5 receptor were not protected against chemically-induced 

seizures [40]. The complex role of group I mGlu receptors in TLE requires a more extended 

investigation in the future.  

Interestingly, we observed a mGlu2 receptor upregulation at the mRNA level in the latent phase. 

This receptor is mainly located at presynaptic nerve terminals, where it negatively modulates 

glutamate release. Pharmacological studies have shown that 

group II mGlu (i.e. mGlu2 and mGlu3) receptors agonists have 

protective activities against convulsive seizures [41-43]. 

Furthermore, JNJ-40411813 (Figure 7.3), a positive allosteric 

modulator (PAM) of the mGlu2 receptor was shown to be 14-

fold more potent than levetiracetam in the 6-Hz mouse assay 

at 44-mA pharmacoresistant stimulus intensities. Moreover, 

the potency of levetiracetam was increased by approximately 35-fold, when this compound was 

co-administered with a fixed subprotective dose of JNJ-40411813 [44]. The synergistic activity 

between this mGlu2 receptor PAM and levetiracetam was also observed in a rat amygdala 

kindling model. Subsequent pharmacokinetic, toxicological and Phase I studies demonstrated 

that this compound was safe and generally well tolerated. At the moment, this PAM of the 

mGlu2 receptor (JNJ-40411813 or ADX71149) is being prepared for a Phase II clinical trial by 

the biopharmaceutical partners Addex Therapeutics (Geneva, Switzerland) and Janssen 

Pharmaceutica (Beerse, Belgium) for the treatment of focal epilepsy [45].  

The development of this drug candidate is in line with the current trend in drug discovery, in 

which GPCRs are the most intensively studied drug targets. In fact, about 27% of all approved 

drugs by the Food and Drug Administration (FDA) target a GPCR to modulate many (patho-) 

physiological processes in humans [46]. These receptors are commonly targeted as monomeric 

entities, but, as demonstrated in this thesis, could function as GPCR-GPCR complexes as well 

[47]. These complexes, also referred to as oligomers, may alter drug effects by lateral allosteric 

mechanisms, e.g. via the ability of one neurotransmitter to change the affinity and intrinsic 

efficacy of a neurotransmitter for the other GPCR, or the oligomer may change the intracellular 

signaling cascade [48, 49]. In literature, many GPCR oligomers have been demonstrated and 

some of these have been hypothesized to play pivotal roles in CNS disorders [50-53].  

Figure 7.3 – JNJ-40411813. 

Source: Bailer et al., 2018 [45].  
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In Chapter 6, we presented the formation of a novel oligomer between the dopamine D2 

receptor (D2R) and the muscarinic acetylcholine M1 receptor (M1R) in a heterologous system. 

As hypothesized by Fuxe et al., 2012, a novel D2R-M1R interaction would provide new 

possibilities in the treatment of PD. Muscarinic receptor antagonists may result in an improved 

PD therapy, based on the increased activity of cholinergic interneurons in the striatum, which 

may reduce the activation of D2R at striatopallidal medium spiny neurons (MSNs) [54]. In our 

study, we detected a co-distribution (<200 nm) of the two GPCRs in the mouse striatum. An 

even closer proximity of these receptors may be demonstrated in native tissue by other methods, 

such as the proximity ligation assay (PLA), proximity-dependent initiation of hybridization 

chain reaction (proxHCR), immunogold staining (IGS), co-immunoprecipitation (CoIP) or 

time-resolved fluorescence resonance energy transfer (TR-FRET) [51, 55-58].  

Besides providing evidence supporting the existence of oligomers, we have also demonstrated 

a functional interplay between the D2R and M1R. We did this in the reserpine model, which is 

a key model of choice for early preclinical stages of drug discovery programs [59]. In fact, this 

model has often been used in studies that assess the antiparkinsonian efficacies of novel drugs, 

such as an inhibitor of glutamate release, group III mGlu (i.e. mGlu4 and mGlu6-8) receptor 

agonists or positive allosteric modulators, D3R agonist, mixed adenosine A2AR/A1R antagonist 

and M1R antagonist (i.e. VU0255035) or negative allosteric modulator [60-67]. It would be of 

great interest to replicate our findings with PD models in which neurodegeneration occurs, such 

as the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model or the 6-hydroxydopamine 

(6-OHDA) model [59]. 

The drugs applied in our study (sumanirole and VU0255035) have previously been reported to 

be highly selective for the D2R and M1R, respectively [68, 69]. However, both receptors are not 

solely expressed in the striatum or CNS, hence the pharmacological approach we applied 

(“traditional” co-administration) may still result in unwanted adverse effects (e.g. peripheral). 

As the D2R and M1R may form a native heterodimer, multiple strategies could be developed to 

target an oligomer to reduce possible severe adverse effects. In this context, strategies involving 

bivalent ligands, heteromeric-selective antibodies, amongst others, are being explored [70, 71]. 

An innovative strategy to try to counteract adverse effects involves the incorporation of a 

photoswitchable or photoprotected moiety into a bioactive compound, allowing a light source 

to control the activity of a drug in place and time (Figure 7.4). The light can be delivered with 

very high spatial and temporal precision (e.g. at the striatum), where the intensity and 

wavelengths could be easily regulated. Moreover, photoswitchable compounds are light-
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responsive at certain wavelengths that should be dynamically controlled in such a way that they 

can switch between a high and low affinity state. This would allow the photoswitch to be present 

in low affinity when this is beneficial, i.e. reducing adverse effects, whereas it can be switched 

to its high affinity state at the site of action. The two most used designs include azobenzenes 

(Figure 7.4A) and diarylethenes. Another photopharmacological approach is the application of 

photoprotected compounds, although this approach has as a limitation that light only enables 

an increase or decrease in the activity of the drug at a single time point (Figure 7.4B) [72, 73].  

 

Figure 7.4 – Strategies for photopharmacological drugs. (A) Photoswitchable drugs can be isomerized to the 

cis conformation (e.g. low affinity state) at a certain light wavelength, and can be transformed back to the trans 

conformation (high affinity) by another light wavelength and vice versa. Azobenzene could be introduced as a 

photoswitchable moiety in at an optimized site to a compound the drugs, as indicated by X and Y. (B) 

Photodeprotection of MRS7145. Irradiation of MRS7145 at 405 nm results in the irreversible photolytic reaction, 

also known as uncaging, that produces SCH442416 (i.e. A2AR antagonist) and coumarin. Adapted from Taura et 

al., 2018 [79].  

Although photopharmacology is as such independent of whether the D2R-M1R oligomer exists 

or not at striatopallidal MSNs, it might also help to localize or control the interplay between the 

D2R and M1R in the brain. To our knowledge and with high interest for the novel heterodimer, 

only an M1R dualsteric iperoxo/BQCA-type hybrid (BQCAA1) ligand has been reported, which 

is connected with an azobenzene moiety, conferring “dimmable” properties to the molecule, in 

the sense that cis- and trans-BQCAA1 act as antagonist and agonist, respectively (Figure 7.5A) 

[74]. Furthermore, the dopamine receptor photoswitchable ligand, 2-(N-phenethyl-N-

propyl)amino-5-hydroxytetralin (PPHT), has been previously synthesized, although it was 
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directly tethered to the dopamine receptor and acts as an inverse agonist upon activation (Figure 

7.5B) [75]. Over the past decade, many freely-diffusible photopharmacological compounds 

have been synthesized that allosterically or orthosterically target various GPCRs, including the 

mGlu5 receptor, µ-opioid receptors and adenosine receptors [76-80]. It would be interesting to 

explore the possibilities of producing photoswitchable D2R agonists (e.g. sumanirole, ropinirole 

and pramipexole), M1R antagonists (e.g. VU0255035 and pirenzepine) or dualsteric ligands. 

 

Figure 7.5 – Available M1R and D2R photoswitchable ligands. (A) The photoswitchable dualsteric M1R ligand 

BQCAAI in the trans and cis conformation, induced by light at 455 nm or 366 nm, respectively. (B) Azobenzene 

and maleimide (blue) incorporated into the dopamine receptor ligand 2-(N-phenethyl-N-propyl)amino-5-

hydroxytetralin (PPHT; orange). Maleimide-azobenzene-PPHT photoisomerizes from its trans-to-cis isomer and 

vice versa in response to 360 nm and 460 nm wavelengths, respectively. Adapted from Donthamsetti et al., 2017 

and Agnetta et al., 2017 [74, 75]. 

The pharmacological treatments in PD that are currently available result in symptomatic relief 

of the motor control deficits in the patients. Ideally, these treatments should not induce motor 

complications, be highly tolerable, have a long-term efficacy profile and do not need 

complicated administration or multiple dosing schedules. Unfortunately, these therapeutic 

conditions are often unmet, especially in late stages of PD, where many patients will endure 

more complications [81-83].  
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Most therapeutic strategies aim at increasing the supply of 

the dopamine levels in the striatum, prevent the reuptake 

of dopamine or act on postsynaptic dopamine receptors, 

although dopamine is not the only neurotransmitter 

involved in PD [83, 84]. Our findings provide a rationale 

to investigate a drug management scheme in which the 

dose of the dopamine receptor agonist could be lowered 

due to the adjunction of an anticholinergic. Interestingly, 

the acetylcholine receptors and the dopamine receptors are 

amongst the most targeted GPCRs by the current FDA-approved drugs (Figure 7.6) [46]. 

Therefore, it would be interesting to investigate a combinatorial treatment with already 

formulated FDA-approved dopamine receptor agonists and anticholinergics.  

This strategy is not completely unknown territory, as it is closely related to or even has an 

overlap with drug repurposing, in which approved or investigational drugs that were originally 

outside the scope of the disease are investigated for new therapeutic purposes [85]. Drug 

repurposing has major advantages: (i) there is a lower risk of failure due to safety, because the 

drugs have already been demonstrated to be safe in preclinical studies and early-stage human 

trials; (ii) the development time could be reduced, because most of the preclinical testing, safety 

assessment and formulation may have been performed already; and (iii) it is likely that drug 

repurposing needs less investment. At the moment, drug repurposing of a diverse set of 

compounds is being explored for the treatment of PD, such as Nilotinib (Phase II trial; chronic 

myelogenous leukaemia), Isradipine (Phase III trial; hypertension) and Ambroxol (Phase II 

trial; respiratory diseases) [85, 86]. 

In summary, much progress has been made in drug development and the understanding of the 

underlying pathology of CNS disorders. In this thesis, we aimed at contributing to future gene 

expression analysis in animal models, which is also relevant considering the fact that recent 

developments are oriented towards providing a quicker, easier and robust RNA profiling (e.g. 

in the context of biomarker analysis). In this context, the phase-specifically dysregulated gene 

Homer1b/c may be a target for drug development or function as a molecular biomarker in TLE. 

Furthermore, the discovery of novel GPCR oligomers may serve as an attractive strategy to 

explore novel therapeutic avenues in CNS disorders. While many new drugs are still being 

developed, also the spatiotemporal regulation of drug administration may play a role, and, 

importantly, we should not forget about the drugs that have already been produced. 

Figure 7.4 – GPCR targets by drugs. 

Source: Hauser et al., 2017 [46].  
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As the global population is aging and growing, the burden of central nervous system (CNS) 

disorders will steeply increase in developing and developed countries. Major challenges in 

public health and economic costs are expected to increase exponential due to the higher demand 

for therapeutics, rehabilitation and hospitalization, which is problematic due to the fact that 

many people around the world (may) not have access to proper care. However, many 

pharmacological agents in the treatment of CNS disorders are solely based on symptomatic 

reliefs, whereas it will be better to intervene with underlying pathology, thus clearly 

demonstrates that more knowledge of the pathogenesis is essential. Herein, animal models play 

often a pivotal role, whereas they may also help to discover biomarkers and develop novel 

pharmacological drugs. 

Chapter 1 provides the outline of this thesis with the key components of this work described, 

such as the validation of an alternative normalization strategy for mRNA expression, the 

acquisition of gene expression profiles and the demonstration of a functional interplay between 

G protein-coupled receptors (GPCRs). Therefore, rodent models of temporal lobe epilepsy 

(TLE), Alzheimer’s disease (AD) or Parkinson’s disease (PD) were used.  

GPCRs are widely distributed throughout the body, whereas they are expressed in all brain 

regions and involved in the modulation of multiple (patho-)physiological processes. 

Consequently, these receptors are targeted in CNS disorders by various pharmacological agents. 

Chapter 2, the general introduction, provide a detailed description of the GPCRs with a 

significant role in this thesis, which are the metabotropic glutamate (mGlu) receptors, 

muscarinic acetylcholine receptors (mAChRs) and dopamine receptors. Hereby, we focusses 

on the neurotransmission systems wherein these GPCRs play pivotal roles, i.e. glutamatergic, 

cholinergic and dopaminergic pathways. Finally, TLE, AD and PD are concisely described and 

their animal models which are used in this thesis. 

Frequently, the so-called reverse transcription quantitative polymerase chain reaction (RT-

qPCR) is used to obtain gene expression profiles. It is highly recommended to determine the 

stability of the reference genes under different experimental conditions. These reference genes 

are implemented in the normalization to obtain expression profiles for the genes of interest (e.g. 

mGlu5 receptor or Homer1b/c). In Chapter 3 and Chapter 4, nine “traditional” reference genes 

were validated in the systemic kainic acid (KA) rat model of TLE and the APP23 transgenic 

model of AD, respectively. In addition, two so-called Short Interspersed Nuclear Elements 

(SINEs, more specifically “B elements”) were evaluated for their applicability as an alternative 

normalization strategy in both rodent models. SINEs are RNA consensus sequences which are 
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located throughout the transcriptome. Overall, the B1 element demonstrated to be a most stable 

normalization factor in the model of TLE, independent of brain region (i.e. hippocampus and 

cortex) and period in epileptogenesis. In the model of AD, both B elements were only stably 

expressed in the hippocampus, whereas they are less suitable for the normalization in the cortex 

due to their unstable expression. 

A rat model for TLE was implemented in Chapter 5. The result from the reference gene study 

was directly applied for the gene expression analysis of group I mGlu (i.e. mGlu1 and mGlu5) 

receptors, group II mGlu2 receptor and Homer1 proteins (i.e. Homer1a and Homer1b/c) during 

different phases of epileptogenesis in the model. Moreover, protein expression levels of the 

mGlu5 receptor and Homer1 proteins were detected as well. In parallel, the establishment of 

epileptogenesis was validated by electroencephalography (EEG) monitoring and the detection 

of gliosis. The data showed an downregulation of mGlu5 receptor at protein levels during all 

phases of epileptogenesis. The Homer1b/c expression levels were decreased in the latent phase, 

a period in which spontaneous recurrent seizures are extremely rare. In general, the long 

Homer1b/c isoform stabilize postsynaptic density proteins at nerve terminals and modulate the 

signaling of group I mGlu receptors due to a direct interaction. In accordance to literature, these 

results might hypothesize that Homer1b/c downregulation may be an endogenous 

neuroprotective mechanism, which represent an interesting target for the development of novel 

anti-epileptic drugs. 

Over the past two decades, many studies have demonstrated that GPCRs not merely exist as 

monomeric (single) entities in the plasma membrane, but are able to form oligomers (couples) 

as well. These GPCR oligomers contain unique properties, including the allosteric modulation 

between protomers, regulation in ligand recognition, G protein-coupling or trafficking. In 

literature, many receptor complexes involving the dopamine D2 receptor (D2R) have already 

been described, the so-called oligomer formation. In Chapter 6 a novel receptor-receptor 

interaction between the D2R and the muscarinic acetylcholine M1 receptor (M1R) has been 

described. Therefore, biophysical and biochemical methods were performed by using a 

heterologous cell system. Moreover, both GPCRs were detected in the close proximity (<200 

nm) of each other at striatal cells. Subsequently, the administration of a D2R agonist at 

suboptimal dosage in adjunction with a M1R antagonist in reserpine-treated mice resulted in an 

increased locomotor activity, decreased catalepsy and a reduced number of tremors. These 

results supported the existence of a functional interplay at striatal D2R-M1R complexes.  
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In summary, this thesis covers methods from cell assays all the way to behavior animal studies, 

which added molecular knowledge to various CNS disorders. There will be more tools being 

developed which could be implemented to study CNS disorders. These tools should help to 

(better) understand the underlying pathogenesis, discover biomarkers and develop novel 

therapeutic strategies. Neuroscience is facing extraordinary times and we expect that this area 

of research will introduce new things that are mind-blowing. 
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In ontwikkelings- en ontwikkelde landen zullen de lasten die aandoeningen van het centrale 

zenuwstelsel (CZS) met zich meebrengen de komende jaren sterk toenemen, met als voorname 

oorzaak de groeiende en vergrijzende wereldbevolking. De gezondheidszorg staat voor grote 

uitdagingen en met een stijgende vraag naar behandelingen, revalidatie therapieën en 

ziekenhuisopnames zullen ook de kosten exponentieel toenemen, wat problematisch is 

aangezien mensen in grote delen van de wereld niet (zullen) kunnen beschikken over de juiste 

zorg. Echter, vele farmaceutische behandelingen voor aandoeningen van het CZS beperken zich 

tot symptoombestrijding. Een betere manier is te interveniëren met de onderliggende 

pathologie, wat vanzelfsprekend inzicht in die pathologie vereist en dus onderzoek. Daarin 

spelen dierenmodellen vaak een cruciale rol, aangezien deze modellen ook kunnen helpen bij 

het ontdekken van biologische merkers en het ontwikkelen van nieuwe therapeutische 

medicijnen.  

Hoofdstuk 1 omvat een overzicht van het proefschrift, met een beknopte beschrijving van de 

diverse sleutelaspecten van dit proefschrift, waaronder het valideren van een alternatieve 

strategie om mRNA expressie te normaliseren, het verwerven van genexpressie profielen en het 

aantonen van een functionele wisselwerking tussen twee G-proteïne gekoppelde receptoren 

(GPCR). Hierbij werd gebruik gemaakt van knaagdiermodellen voor temporale kwab epilepsie 

(TLE), de ziekte van Alzheimer (AD) of de ziekte van Parkinson (PD). 

GPCRs zijn wijdverspreid aanwezig in ons lichaam, komen tot expressie in alle hersengebieden 

en zijn betrokken bij het moduleren van verscheidene (patho-)fysiologische processen. 

Zodoende zijn deze receptoren vaak het doelwit van diverse geneesmiddelen die worden 

aangewend bij ziektes van het CZS. Hoofdstuk 2, de algemene introductie, geeft een 

gedetailleerde beschrijving van de GPCRs die een significante rol hebben in dit proefschrift, 

dat zijn de metabotrope glutamaat (mGlu) receptoren, muscarine acetylcholine receptoren 

(mAChRs) en dopaminereceptoren. Hierbij richtten we ons voornamelijk op die 

neurotransmissie systemen waarin die GPCRs een belangrijke rol spelen, dat zijn de 

glutamaterge, cholinerge en dopaminerge routes. Als laatste worden TLE, AD en PD beknopt 

behandeld, waarbij wat dieper wordt ingegaan op het voor elke ziekte bijhorende model, 

aangewend in dit proefschrift.  

Voor het nagaan van de expressie van genen wordt vaak de zogenaamde omgekeerde (reverse) 

transcriptie kwantitatieve polymerase kettingreactie (RT-qPCR) uitgevoerd. Het is hierbij sterk 

aanbevolen om eerst de stabiliteit van een aantal referentiegenen te bepalen onder de 

verschillende experimentele omstandigheden. Normaliter worden deze referentiegenen 
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gebruikt ter normalisatie van de expressie van de genen van interesse (bv. mGlu5 en 

Homer1b/c). In Hoofdstuk 3 en Hoofdstuk 4 werden negen “traditionele” referentiegenen 

gevalideerd in het systemische kainaat (KA) rat model voor TLE en het APP23 transgene model 

voor AD, respectievelijk. Daarbij gebeurde eveneens evaluatie van de toepasbaarheid van twee 

zogenaamde Short Interspersed Nuclear Elements (SINEs; meer bepaald ‘B-elementen’) als 

alternatieve normalisatie strategie in knaagdiermodellen. Deze SINEs zijn welbepaalde RNA-

sequenties die over het gehele transcriptoom verspreid zijn. Onze bevindingen toonden dat het 

B1 element een stabiele normalisatie factor bleek te zijn in het model voor TLE, onafhankelijk 

van het hersengebied (i.e. hippocampus of cortex) of de periode in de epileptogeneses. In het 

model voor AD kwamen de beide B-elementen stabiel tot expressie in de hippocampus, maar 

bleken deze in dit model niet geschikt voor normalisatie in de cortex, wegens onstabiele 

expressie.  

In Hoofdstuk 5 werd een ratmodel voor TLE aangewend. Hierbij werden de resultaten van de 

referentie studie direct geïmplementeerd in de genexpressie experimenten voor de groep I mGlu 

(i.e. mGlu1 en mGlu5) receptoren, de mGlu2 receptor en de Homer1 eiwitten (i.e. Homer1a en 

Homer1b/c) gedurende verschillende fases van epileptogenese in dit model. Verder werd ook 

de expressie op eiwitniveau nagegaan van de mGlu5 receptor en de Homer1 eiwitten. Parallel 

gebeurde validatie van de epileptogenesis door middel van elektro-encefalografie (eeg) en de 

detectie van de gliosis. De gegevens lieten een verhoging zien van de mGlu5 receptor expressie 

op eiwitniveau gedurende alle tijdspunten in de epileptogenese. De expressie van het 

Homer1b/c eiwit was verlaagd in de latente fase van de epileptogenese, dat is een fase waarin 

zich haast geen spontane epileptische aanvallen voordoen. Over het algemeen zorgt de lange 

Homer1b/c isovorm voor stabilisatie van de post-synaptische dichtheid (PSD) eiwitten in de 

neuronale zenuwuiteinden en modulatie van de mGlu5 receptor, door deze direct te binden. 

Samen met andere bevindingen uit de wetenschappelijke literatuur laten de door ons bekomen 

resultaten toe de hypothese te formuleren dat het verlaagde Homer1b/c expressie niveau 

mogelijk een neuronaal protectie mechanisme is, waardoor het eiwit een interessant doelwit 

kan zijn in de ontwikkeling van nieuwe medicijnen tegen epilepsie”. 

In de afgelopen twee decennia hebben veel studies aangetoond dat de GPCRs zich niet enkel 

als monomeer (enkelvoudig) in het plasmamembraan begeven, maar dat ze ook oligomeren 

(koppels) kunnen vormen. Deze oligomeren bevatten unieke eigenschappen, zoals allosterische 

modulatie tussen de protomeren of modulatie in de herkenning van de ligand, de G-proteïne 

koppeling of van transportmechanismen. In de wetenschappelijke literatuur zijn er tal van 



Samenvatting 
	

	 227 

publicaties waarin beschreven wordt dat de dopamine D2 receptor (D2R) een interactie kan 

aangaan met een andere receptor, met vorming van een zogenaamd oligomeer. In Hoofdstuk 6 

werd een nieuwe receptor-receptor interactie geïdentificeerd, met name tussen de D2R en de 

muscarine acetylcholine M1 receptor (M1R). Hiertoe werden biofysische en biochemische 

technieken aangewend, gebruik makend van een heteroloog cel systeem. Bovendien werden 

beide GPCRs in de nabijheid van elkaar geobserveerd (<200 nm) in cellen van het striatum. 

Vervolgens werd er een suboptimale dosis van een D2R agonist samen met een M1R antagonist 

toegediend aan met reserpine behandelde muizen, wat resulteerde in een verhoging van de 

locomotor activiteit, een reductie van de catalepsie en een verlaagde hoeveelheid van het aantal 

trillingen. Deze resultaten ondersteunen het bestaan van een functionele wisselwerking in het 

striatale D2R-M1R oligomeer. 

Samenvattend omvat deze thesis methodes die gaan van cellulaire technieken tot en met 

gedragsstudies in dierenmodellen, waarbij een bijdrage werd geleverd aan de moleculaire 

kennis van diverse aandoeningen van het CZS. Er worden steeds meer hulpmiddelen 

ontwikkeld welke geïmplementeerd kunnen worden om aandoeningen van het CZS verder te 

bestuderen. Deze hulpmiddelen zouden moeten bijdragen om de onderliggende pathogenese 

(beter) te begrijpen, biologische merkers te ontdekken en nieuwe therapieën te ontwikkelen. 

Het domein van neurologische wetenschappen gaat buitengewone tijden tegemoet en we 

verwachten dat er uitzonderlijke nieuwe zaken zullen worden geïntroduceerd.   
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“Heterodimerization between dopamine D2 receptor (D2R) and M1 muscarinic 
acetylcholine receptor (M1 mAChR).” Crans, R.A.J., E. Wouters, L. Vasudevan, K. 
Heyninck, J. Portelli, S. Daelemans, R. Raedt, A. Meurs, P. Boon, D. Van Dam, P.P. 
De Deyn, F. Ciruela and K. Van Craenenbroeck. (Poster) 

 
2. GDR3545: G Protein-Coupled Receptors – from physiology to drugs, Paris, France    

(8th – 10th November 2017) 
“The Heterodimerization between D2R and M1 mAChR in the Striatum.” Crans, 
R.A.J., E. Wouters, J. Taura, K. Skieterska, L. Vasudevan, K. Craenenbroeck, F. 
Ciruela and C.P. Stove. (Poster) 

 
3. Dopamine Club, Hasselt, Belgium (21st February 2018)  

“Heterodimerization between D2R and M1 mAChR.” Crans, R.A.J., E. Wouters, J. 
Taura, K. Skieterska, L. Vasudevan, K. Craenenbroeck, F. Ciruela and C.P. Stove. 
(Oral) 

 
4. Barcelona Young Neuroscientist Symposium, Barcelona, Spain  

(13th – 14th September 2018) 
“An Alternative RT-qPCR Normalization Strategy Validated and Applied to Profile a 
Proconvulsive Gene for a Rodent Model of Temporal Lobe Epilepsy.” Crans, R.A.J., 
S. Daelemans, E. Wouters, R. Raedt and C.P. Stove. (Poster) 

 
Scientific Events 

1. The 11th congress of Belgian Society for Neuroscience, Mons, Belgium (22nd May 2015) 
 

2. The 28th conference of European comparative endocrinologists by CECE, Leuven, 
Belgium (21st – 25th August 2016) 

 
3. Discover Glo Tour by Promega, Rotterdam, the Netherlands (4th April 2017) 

 
4. Barcelona Young Neuroscientist Symposium, Barcelona, Spain (15th – 16th June 2017) 

 
5. 37th SEF National Meeting with guest society: the British Pharmacological Society,  

Barcelona, Spain (18th – 21st June 2017) 
 

6. XI Symposium of Neurobiology, Barcelona, Spain (12th – 13th November 2018) 



Curriculum Vitae 
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Grants, Honors & Awards 
EMBO Short-Term Fellowship  
#6735 (2nd May – 30th July 2017)  
Unitat de Farmacologia, Departament Patologia i Terapèutica Experimental, Facultat de 
Medicina, IDIBELL, Universitat de Barcelona, L'Hospitalet de Llobregat, Spain. 
Techniques learned and applied in PhD Thesis: 
- Proximity Ligation Assay 
- AlphaLISA Immunossay 

 
FWO Travel Grant for a Long Stay Abroad  
#V420718N (6th May – 23rd November 2018) 
Unitat de Farmacologia, Departament Patologia i Terapèutica Experimental, Facultat de 
Medicina, IDIBELL, Universitat de Barcelona, L'Hospitalet de Llobregat, Spain. 
Techniques learned and applied in PhD Thesis: 
- Behavior Studies (e.g. Open field) 
- Induction of Model of Parkinson’s Disease 
- Stereotaxic Operations with AAV viruses 

 
Courses & Certificates 

FELASA C 
University of Antwerp, Antwerp, Belgium 
(1st October 2014 – 6th February 2015) 

 
qPCR course: Biogazelle 
Ghent University, Ghent, Belgium 
(20th – 21st October 2016) 

 
Introduction to Python 
Ghent University, Ghent, Belgium  
(30th – 31st August & 1st April 2016) 

 
 
 
 
 
 
 
 
 
 
 
 



 

	

 
 
 
 
 
 


