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Introduction 

 The nervous and immune system are in a tight, bidirectional connection with each 

other, the role of which is essential for the physiological functions of the organism, and the 

dysfunction of this interaction has proven to plays a key role in the pathomechanism of 

numerous diseases. The topic of the doctoral dissertation is the presentation of novel research 

results which have the aim to gain a better understanding on the molecular mechanisms of 

three phenomena linked to the interaction of the nervous and immune system.  

The aim of our first study was to reveal the short- and long-term neuroproteomic 

effects of the prenatal immune activation. Immune activation experienced during the early 

ontogenesis is known to play a role in the abnormal organogenesis of the central nervous 

system, which can contribute to the development of several, mostly psychiatric disorders 

(Knuesel et al., 2014). In the last almost twenty years, ever-growing knowledge has been 

accumulated regarding the pathology induced by this early stressor rooted in the maternal 

immune response. Using the established, primarily rodent and non-human primate animal 

models, numerous molecular/neurochemical, anatomical, and behavioral characteristics have 

been uncovered which are detectable or related to those observed in schizophrenia and autism 

spectrum disorder (ASD) patients (Boksa, 2010; Bauman et al., 2014; Estes and McAllister, 

2016). Recently, our knowledge on the molecular alterations lying in the background of the 

pathological brain development and that are responsible for the pathological state is scarce.  

In our second study, our research focus was on a neuroimmune interaction of the 

adulthood to get a better insight into the molecular alterations responsible for the 

epileptogenic action of peripherally induced inflammation. Systemic and local immune 

activation play a role in the development of certain epileptic disorders, moreover, the pro-

inflammatory environment induced by the occurrence of seizures similarly enhances the 

incidence of further seizures (Vezzani et al., 2011). We conducted our investigations on the 

WAG/Rij rat model of absence seizures (Coenen and Luijtelaar, 2003), a disorder rooted in 

the dysfunction of thalamo-cortical connectivity (Avoli, 2012). It is already known that the 

centrally (Kovács et al., 2011) and peripherally (Kovács et al., 2006) elicited inflammatory 

reaction facilitates the occurrence of absence seizures in the genetically predisposed 

WAG/Rij strain, however, the central, molecular effects of the peripheral inflammatory 

cascade remain elusive. 

Finally, we investigated the molecular mechanisms involved in the elimination of 

synapses under physiological circumstances mediated by the complement system, 
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traditionally known as a component of the immune system, and carried out by the microglia, 

macrophages of the central nervous system. It has been already uncovered that this process 

plays a role in the elimination of synaptic contacts during the ontogenesis (Stevens et al., 

2007), moreover, due to the development of neurodegenerative disorders (Hong et al., 2016; 

Lui et al., 2016), and the absence of this mechanism leads to hyperexcitability and 

epileptogenesis caused by enhanced synaptic connectivity (Chu et al., 2010). The C1q 

protein, responsible for the selective recognition of the eliminable components is fundamental 

in this process (Perry and O’Connor, 2008). Identification of the molecular and functional 

differences that characterize the C1q-tagged synaptic compartment can contribute to the 

recognition of the mechanisms of selective synapse elimination which is remarkably 

important in physiological and pathological conditions as well.  

 

Aims of the studies 

 The aim of our investigations was to gain a better understanding on the molecular 

mechanisms of the neuroimmune interactions introduced above. Despite the intense 

investigations, molecular alterations and mechanisms influenced by or involved in these 

interactions are not well known, therefore, our studies were started utilizing high-throughput, 

explorative methods focusing on the proteome and the alterations of it. In basic terms, the 

proteomic, high-throughput investigations of the neuroimmune interactions described further 

below use an unbiased approach. The principle of this strategy is that it focuses on the 

working hypothesis established based on the experimental data. In other words, we did not 

focus on the role of one or a few particular protein with a presumed relevance based on the 

literature, but we shaped our further research based on our proteomics data.  

Investigation of the short- and long-term proteomic effects of the prenatal 

immune activation 

 Investigation of the molecular alterations in the embryonic telencephalon 24 hours after 

the systemic, maternal, lipopolysaccharide (LPS)-administration on the 13.5. gestational 

day in rats.  

o Identification of the proteomic alterations in the whole tissue of embryonic 

telenchephalon induced by the treatment using two-dimensional difference gel 

electrophoresis (2-D DIGE) technique and mass spectrometry. 

o Investigation of the proteomic results using an independent method. 
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o Functional classification of the proteins identified with altered levels and the 

interpretation of proteomic changes connected to inflammation.  

 Investigation of the effects of prenatal immune activation described in the previous point 

on the sub-synaptic proteome of 35-day-old, male offspring. 

o Preparation of pre- and postsynaptic fractions from cerebral cortical samples of 

rats, and validation of the fractionation using various methods.  

o Investigation of the alterations in the pre- and postsynaptic proteome induced by 

the treatment using proteomic methods comprising various gel electrophoresis 

techniques.  

o Validation of the proteomic investigation using independent methods. 

o Functional classification of the proteins identified with altered levels and 

bioinformatic analysis of the protein lists.  

Proteomic investigation of the immune activation in adulthood – the molecular 

background of the epileptogenic effect of inflammation  

 Demonstration of the proteomic effects of systemically administered LPS in adult 

WAG/Rij rats genetically predisposed to the genesis of absence seizures on the whole 

tissues of two brain structures primarily involved in the epileptogenesis, the fronto-

parietal cortex and the thalamus.  

o Functional classification of the proteins identified with altered levels.  

o Investigation of the connections of the proteins with epilepsy, inflammation, and 

the sleep-wake cycle based on the literature. 

o Investigation of the connections of the proteins with signal transduction pathways 

associated with inflammation based on the literature to gain a better 

understanding on the influence of peripheral inflammation on the central nervous 

system.  

Presentation of a physiological neuroimmune interaction: the proteomic 

investigation of the role of the complement system in the elimination of synapses 

in adulthood.  

 Investigation of the classical complement pathway-activating C1q protein on synaptic 

preparations.  
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o Demonstration of the presence of the C1q protein on the surface of cerebral 

cortical synaptosomes of adult mice.  

o Identification of the C1q protein in pre- and postsynaptic fractions. 

o Identification of the C1q protein in human post mortem brain samples. 

o Identification of the presumed C1q binding partner neuronal pentraxin 1 (Nptx1) 

in cerebral cortical synaptic fractions of mice.  

o Investigation of the colocalization of C1q and Nptx1. 

 Separation of synaptosomes labeled with C1q protein from the non-labeled ones, and the 

comparison of their proteomes. 

o Separation of the C1q-tagged and untagged synaptosomes using fluorescence-

activated cell sorting (FACS), moreover, validation of the separation.  

o Comparison of the proteome of the sorted synaptosome populations using 2-D 

DIGE technique and identification of the proteins present in significantly 

different levels using mass spectrometry.  

o Functional classification of the altered proteins.  

o Bioinformatic and experimental investigation of the molecular mechanisms lying 

in the background of the C1q-tagging. 

 

Materials and methods 

 In our study focusing on the short- and long-term effects of prenatal immune 

activation, we used pregnant Wistar rats and their offspring on embryonic day 14.5, 

and postnatal day 35. We conducted our molecular investigations on the role of the 

peripheral inflammatory response’s epileptogenic action in adulthood on WAG/Rij 

rats. We used Crl:NMRI BR mice and human post mortem cerebral cortical samples 

for our research focusing on the connection between the complement system and the 

elimination of synapses.  

 Our investigations were performed using whole brain tissue, synaptosome, moreover, 

pre- and postsynaptic preparations. 

 For the validation of the subcellular fractionation techniques and the analysis of sorted 

synaptosomes, we employed electron microscopy method. 

 Western blot technique based on fluorescence signal detection was used for detection 

of proteins from tissue samples and their quantifications. 
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 We employed the 2-D DIGE method for the proteomic investigations. In order to 

separate the proteins, traditional, protein isoelectric point-, and molecular mass-based, 

moreover, a two-step, molecular mass-based protein separation were conducted. 

Proteins with altered levels were identified via tandem mass spectrometry.  

 Posttranslational modifications were identified using two-dimensional Western blot 

technique and specific protein dyes. 

 Immunohistochemistry methods were employed for the investigations of protein level 

differences and protein colocalizations.  

 We used immunocytochemistry technique to reveal the presence of proteins in and 

attached to synaptosomes.  

 We investigated proteins that became detectable via fluorescence labeling on brain 

slices using confocal microscopy, and in the case of synaptosomes, furthermore, using 

flow cytometry as well.  

 Fluorescence-activated cell sorting was employed for the separation of individual 

synaptosomes based on the presence of a protein marker. 

 For the interpretation of the proteomic results, manual, and automated, software-based 

literature mining and pathway analysis were conducted.  

 

Results (theses) and conclusions 

The short- and long-term neuroproteomic effects of the prenatal immune 

activation responsible for pathological brain development  

 Maternal, systemic immune activation induced by LPS-administration on the 13.5. 

gestational day in rats elicited alteration in the body temperature in the short-term, and 

reduced litter size in the long-term. 

 We observed detectable protein level alterations 24 hours after the treatment in the 

fetus, in its developing telencephalon, therefore, we described the proteomic changes 

linked to the abnormal development for the first time. 

 The uncovered early protein level alterations imply modifications in the neuronal 

gene transcription and cell migration. 

 The increased level of the pro-inflammatory protein macrophage migration inhibitory 

factor (Mif) implies primarily the emergence of a pro-inflammatory environment even 

in the fetal telencephalon. 
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 The role of oxidative stress in the maternal immune activation-induced abnormal 

brain development is strongly suggested as well based on the identification of the also 

pro-inflammatory chloride intracellular channel protein 1 (Clic1) which is sensitive to 

the redox state of the cell (Singh and Ashley, 2006). 

 The proteome of the cerebral cortical pre- and postsynaptic compartment of 

adolescent rats underwent prenatal immune activation also exhibited widespread 

alterations in comparison with that of the control rats. That extensive change is 

consistent with the large-scale functional (e.g., behavioral) and structural (e.g., 

affecting the dendritic arborization) differences characteristic of the animal model 

(Boksa, 2010).  

 Our results suggest that primarily the presynaptic side is disturbed by the treatment in 

the mature cerebral cortex. 

 Among the numerous signal transduction proteins with altered levels, the prominent 

reduction in the expression of calcium/calmodulin-dependent protein kinase type II 

subunit alpha (Camk2a) playing key role in synaptic plasticity (Hell, 2014) is 

particularly important which was detected in the postsynaptic compartment.  

 We demonstrated the reduced level of Camk2a in the dorsolateral prefrontal cortex, 

the dysfunction of which is already known in several psychiatric disorders (Callicott 

et al., 2000; Koenigs and Grafman, 2009). Thus, our results propose that the reduced 

Camk2a level represents an important component in the pathomechanism of this 

animal model exhibiting schizophrenia-, and autism-like symptoms.  

 The uncovered proteomic changes show marked overlap with protein/gene-level 

differences known from the literature primarily of schizophrenia, therefore, our results 

provide another, molecular evidence for the relevance of this disease model. 

Neuroproteomic alterations involved in increased epileptogenesis due to 

peripheral inflammatory response in adulthood  

 We described the peripheral inflammatory response-induced proteomic modifications 

observable in the central nervous system in WAG/Rij rats, characterized by increased 

incidence of absence seizures, in the thalamus and fronto-parietal cortex, two brain 

structures involved the most in the increased epileptogenesis.  

 Our results pointed out the more extensive involvement of thalamus at the molecular 

level in comparison with that of the cerebral cortex, which, therefore, suggests that the 
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former brain area shows higher sensitivity towards the peripheral inflammatory 

cascade.  

 We demonstrated that the most affected cellular function represents the cytoskeletal 

system. The already known modifications of the cytoskeletal system contribute to the 

facilitation of epileptogenesis (Gardiner and Marc, 2010), and our novel results 

suggest that this system can be regulated via the inflammatory mechanisms as well.  

 Among the members of the protein list, the proteins already associated with 

inflammatory processes, epilepsy or alterations of the sleep-wake cycle are markedly 

over-represented. Thus, our result implies that the inflammatory response influences 

the pathological hypersynchrony characteristic of seizures via the modification of the 

sleep-wake cycle, which, therefore, is in agreement with the correlation between the 

initiation of absence seizures and the period of light slow-wave sleep (Drinkenburg et 

al., 1991).  

 According to our bioinformatic analysis, the proteins with altered levels exhibit 

numerous connections with the LPS molecule and elements of the nuclear factor 

kappa B (NFκB) pathway activated by the former. We propose that the NFκB 

pathway directly influences the gene expression of the thalamus and fronto-parietal 

cortex, thereby affecting the neuronal excitability.  

Synaptic proteome alterations lying in the background of the complement 

system-mediated synapse elimination 

 We verified that the C1q protein is detectable in the synaptic compartment via 

investigations on synaptosome preparations of cerebral cortical post mortem samples 

of middle-aged and elderly human subjects and adult mice.  

 We demonstrated that the C1q protein mainly attaches to the presynaptic surface, 

therefore, the yet unknown synaptic binding partner or partners of C1q supposedly 

became available for the extracellular C1q primarily on the presynaptic side.  

 In order to characterize the molecular composition of the C1q-tagged, eliminable 

synapses, we conducted the separation of C1q-tagged and untagged synaptosomes 

using FACS technique. The method was first optimized through modification of 

previously described protocols, which enabled the routine labeling of the synaptic 

surface-bound C1q, moreover, the analysis and immunolabeling-based sorting of 

individual synaptosomes.  
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 The proteomic analysis pointed out differences in numerous cellular functions 

between the C1q-tagged and untagged synaptosome populations. Our results suggest 

disturbances directly in synaptic transmission and energy metabolism in the C1q-

tagged synapses.  

 Our bioinformatic analysis demonstrated that the proteins with altered levels in the 

C1q-tagged synaptosomes potentially regulate the process of apoptosis. The 

experimental investigation of this phenomenon verified that the occurrence of C1q is 

predominantly specific to the apoptotic synapses. Therefore, the local, synaptic 

apoptotic mechanisms play an important role in the complement-mediated, selective 

synapse elimination, the further investigation of which could be remarkably important 

among others to halt the progression of neurodegenerative diseases characterized by 

pathological synapse loss. 

 We demonstrated that the neuronal pentraxin 1 (Nptx1) colocalizes with the synaptic 

C1q protein, moreover, the former of which is primarily postsynaptically localized. 

The Nptx1, as a member of the pentraxin protein family potentially interacts with C1q 

(Stevens et al., 2007), and based on our results, this interaction could form a „bridge” 

through the synaptic cleft.  

 We described the phosphorylation of the synaptic Nptx1, which could be another 

posttranslational modification with an important regulatory role in addition to its 

already known glycosylation. We revealed that the level of the unphosphorylated 

form of Nptx1 is reduced in the C1q-tagged synapses and we suggest, based on our 

investigations regarding their colocalization that the Nptx1 on the synaptic surface is 

phosphorylated (and presumably glycosylated as well). Clarification of the exact role 

of Nptx1 phosphorylation requires further investigations in the future. 
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