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SUMMARY

In the present work, the processes of neurodegemerand radiation-induced brain injury
and potential neuroprotection are examined in sardthal models. There are a number of
characteristics in common between neurodegenerdisgrders and radiation-related brain injury.
Both are characterized by progressive neuronal aedith, and motor and cognitive functional
damage. Neurodegenerative disorders and irradiat@similar in the various associated degrees of
inflammation. The time course from the initiatiohn@uronal cell death to the appearance of clinical
symptoms varies, but a period of decades genepalbses before an overwhelming number of
neurones are affected, which opens up therapeuwssilflities, the aim being to halt further
neuronal loss. Inflammatory cells often appeahmticinity of the affected neurones, their pregenc
ranging from robust in Alzheimer’s disease (AD)étatively slight in Parkinson’s disease (PD).

PD is one of the most common neurodegenerativediss Despite recent and continuous
advances in research, the precise pathomechanidnthanunambiguous causes of this disease
remain unclear. Administration of environmental itsx e.g. 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), can trigger a similayt mot identical clinical picture, not only in
humans, but also in rodentén mice, MPTP, or rather its active metabolite, éthyl-4-
phenylpyridinium (MPP), primarily kills the dopamine (DA)-producing nemes in the substantia
nigra pars compacta (SNpc), inhibits mitochondréspiration at complex | and induces oxidative

stress, which lead to further cell destruction.

Radiation-induced brain injury often appears aftartial or whole brain irradiation and
involves both anatomic and functional deficits. Utite 1970s, the human brain was thought to be
highly radioresistant, but later preclinical stigdibave provided evidence of radiation-induced
severe impairments in memory, attention and otlognitive dysfunctions which have profound
effects on the quality of life (QOL). We therefaet out to establish an effective small-animal foca
brain radiation model for research on brain injsirend to develop new potential therapeutic
strategies. With this aim, we first developed aci® dose delivery technique for partial brain
irradiation of 2 rats simultaneously, using a st&etic frame of the BrainLab system. We later
described a method which permits precise doseeatglito a definite part of one hemisphere of the
brain for 6 rats at a time.

In a search for potential therapeutic approaches, fivgt tested several inhibitors and

stimulators of transport proteins localized at h@od-brain barrier (BBB). It was anticipated that



stimulation of the multidrug resistance-associgiemtein 1 (MRP1)- and MRP2-mediated transport
of glutathione (GSH) conjugates of toxic substances/ have slight beneficial effects, whereas
stimulation of the MRP4-mediated efflux of brairatg, which has important antioxidant potency,
may worsen the effects of oxidative stress. Theda thay contribute to a better understanding of
the pathomechanisms of PD and the relevance oéxbiotoxic and neuroinflammatory processes
in these conditions.

Thereafter, in the knowledge that the overactivatmf excitatory amino acid (EAA)
receptors plays an important part in the pathom@shaof various neurodegenerative diseases, we
would have wished to investigate the EAA receptdagonist kynurenic acid (KYNA) and its novel
synthetized derivatives. KYNA is an endogenous pobadf the tryptophan metabolism and may
serve as a protective agent in neurological digsrdédowever, we had to exclude the use of KYNA,
because it is almost unable to pass through the, BBRRreas the newly synthetized analogues can
readily cross this barrier and exert their competi-excitatory activityBehavioural studies with
these KYNA amides proved that they do not provagaicant non-specific general side-effects.

In our advanced partial brain radiation model, thevelopment of morphological and
functional changes proved to be dose-dependentedtothe spatial learning and memory and to
detect early functional impairment of the rat braire Morris water maze (MWM) task proved to be
perfect tool. With the aid of magnetic resonancaging (MRI) screening, we could define the time
point for histological examination$he applied model permits accurate dose delivegy $pecified
region in one hemisphere of the brain for 6 rata @tne.Following complex research, a dose of 40
Gy and a follow-up time of 4 months are suggestedrivestigations on neuroradiation modifiers.
Primarily  the  water-soluble, deacylated phosph#tiihline  derivative  L-alpha-
glycerylphosphorylcholine (GPC) improved both thegmitive functions and the learning and
memory capacity.

Although the precise pathomechanism of PD and tbegsses involved in the development and
progression of radiation-induced cognitive impainneemained unclear, it is clear that there are
several agents which can modify the course of tkeagde or mitigate the late effects in preclinical

models.



[. INTRODUCTION

There may be a considerable number of harmful effet the background of neuronal
damage, caused by several different diseases ofetiveus system. These damaging factors may be
traumas, vascular disturbances, physical impacts {®adiation), toxic effects, inflammation and
autoimmune, degenerative or tumourous processes.

Neurodegenerative diseases are severe disordech whimarily affect the nervous system.
Since the aetiology and precise pathomechanismesktdiseases are unknown, the treatment poses
a great challenge for basic science and clinicadstigations.

Radiation therapy is an important part of the carphanagement of primary and secondary
brain tumours. Sadly, the incidence of brain tursdusis become more significant over the years,
and therapeutic strategies to prevent or mitiga@ation-induced cognitive impairment have
therefore increased in importance.

There are a number of similarities between neurederative disorders and radiation-
induced brain injury. BBB disruption is one of thajor consequences of radiation-induced normal
tissue injury (Lee et al. 2012) in the central &l system (CNS) and disruption of the
neurovascular system has been proved in most negeodrative disorders too (Lin et al. 2013; Lee
& Pienaar 2014). The main mutual feature is thah fioally lead to neuronal cell death. The loss of
neurones is progressive and irreversible, but émepbral appearance of the consequences may
differ considerably. The time which passes from thigiation of neuronal cell death to the
appearance of clinical symptoms can vary somewhat,a period of decades generally passes
before an overwhelming number of neurones are taffle@redesen et al. 2006). Inflammation with
varying degrees of severity can be observed in bates (Flood et al. 2011; Khandelwal et al.
2011; Moore et al. 2013). The other important samy is the impairment of both motor and
cognitive functions. The functional and morphol@jichanges often coexist. However, their
distinction can be difficult, and the detectionnadlecular, cellular and microanatomic changes help
to unravel the puzzle and facilitate an understamdif the processes in the background of the
disorders.

In the present work, we chose to examine PD, arpssgve disorder with functional
abnormalities that lead to dementia. The behavialranges, loss of memory, and histological and
cellular disturbances caused by irradiation strpngesemble the changes caused by
neurodegenerative processes. In both cases, #isengal to make use of small-animal models in
order to perform complex investigations, includimeurofunctional and morphological examinations,

with potentially neuroprotective, radio-neuroprdiee agents. For these reasons, in the present
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work we investigated these two at first sight ntuisely related topics, neurodegeneration and
radiation-induced brain injuries, in light of thact that neuroinflammation and impairment of the

BBB may occur in both.

|.1. Parkinson’s disease

PD, the second most common progressive neurodegemedisorder after Al¥Tanner &
Goldman 1996), affects approximately 1% of the pajan older than 65 years (Gibrat et al. 2009).
It is characterized by a predominance of severeonasfunctions and autonomic, psychiatric and
cognitive disturbancesulting from the loss of DAergic neurones in 8Npc (Hirsch et al. 1988)
and depletion of DA in the striatum (Savitt et 2006; Agid 1991). Despite intensive research, the
distinct cellular and molecular pathomechanism DfrBmains largely unclear. It is well known that
impairment of the mitochondrial respiratory chatrttee level of complex | plays a pivotal role in
the pathomechanism (Reichmann & Riederer 1989;@chat al. 1989MPTP is highly lipophilic
and rapidly crosses the BBB, a physical and metalalrrier which prevents circulating drugs and
toxins from entering the brain (Markey et al. 1984PTP is a neurotoxiprecursor to the complex
| inhibitor MPP", which selectively destroys the DAergic neurones in thggSM human and non-
human primates, with a resulting decline in stti&tA content (Dauer & Przedborski 2003). Indeed,
administration of MPTP causes permanent symptoniDofirreversible neurodegeneration, and in
mice also results in the appearance of the charstatebiochemical and histological features of the
human casegHallman et al. 1984; Langston et al. 1999). Asoasequence, a mouse model of

MPTP intoxication is the most extensively used atimodel of human PD.

I.2. Radiation-induced brain damage

The incidence of CNS tumours is constantly risiRgdiotherapy is an indispensable part of
standard complex therapy in the cases of both pyirmad secondary brain tumours. Radiation-
induced brain injury is a severe, untreatable areversible complication of radiation-treated (RT)
malignant brain tumours and prevents the effedtiatment of malignant CNS tumours.

There is cumulative evidence in the literature tiet same factors may play roles in the
pathomechanism of both multiple sclerosis (MS) eadtlation-related injuries of the brain. In both
cases, axonal damage and necrosis are the maimefeaésponsible for the neurological disabilities
and serious consequences of irradiation. The carspathogenesis of axonal damage in MS and

late radiation injury are still obscure, but thexe growing body of information indicating thattbo
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inflammation and demyelination may play a majorerot the process (Kreitman and Blanchette
2004; Na et al. 2013).

Radiogen necrosis is frequently associated withreagigble functional morbidity and a
declining QOL in patients treated with brain raberapy. In cases of primary CNS tumours and in
the palliation of metastatic tumours, the brainng of the most generally irradiated sites for rogiri
Since higher radiation doses to the tumour canagételcal tumour control and improve the entire
prognosis, radiation dose schemes have changed tbeeldast few decades. Radiation dose
escalations have been the most extensively applesk schemes in recent years. With these
disturbances, severe damage to the parenchyma abtimal brain has become one of the inevitable
consequences (Tsien et al. 2009; Floyd et al. 2BOberge et al. 2009; Beet al. 1998). The dose
which would most probably destroy the tumour cahbedelivered by reason of the low radiation
tolerance of the brain and spinal corthe emerging new techniques, such as stereotactic
radiosurgery (Simon et al. 2007), intensity-modedabrachytherapy (Shi et al. 2010), conformal
and intensity-modulated teletherapy and protonathyerincrease the physical selectivity of the dose
delivery (Attanasi et al. 2008). However, surroungdnormal brain tissue must be included in the
clinical target volume, because of the potentiaddur cell content. An active neuroprotective agent
could therefore theoretically increase the theripeindex, providing the prospective of an
improved outcome of irradiation or combined cherd@@on. It may lead to ameliorated local
control and consequently prolonged survival forigras with a high-grade astrocytoma or
glioblastoma multiforme. The incidence of radiatbemmage depends on the total dose and the rate
of delivery (fractionation) (Prasad 2005). Oedemasculopathy, infection and chemotherapy
potentiate radiation injury. Post-irradiation reacs in the CNS are well described as acute,
subacute and late CNS reactions. Tumours predisfmgbese normal tissue reactions by the
oedema and pressure epiphenomena that occur ireth@rons, and probably by other mechanisms
associated with tissue breakdown. Radiation-indudethyed brain injury (LDRI) is a well-
documented complication that occurs 4 months to/ddrs after radiation therapy (70% of cases
occur in the first 2 years) (Greene-Schloessell.e2(d4.3). The incidence of LDRI is 5-37% and
increases with higher radiation doses. In the Gfakffective treatment, LDRI can cause progressive
deterioration and death; however, the cause ofdhmage has not been determined. The primary
mechanism of LDRI involves a vascular endotheliajuny or direct damage to the
oligodendroglia. Cytokines and growth factors amgortant regulatory proteins controlling the
growth and differentiation of normal and malignatial cells, which have been implicated in the
tissue response to radiation injury. The white eratt affected more than the grey matter (Shi.et al

2009). The histopathologic examination of postdiation specimens demonstrates variable
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amounts of gliosis, tissue necrosis, calcificatianffammation, and vascular proliferation and
hyalinization, and also diffuse T-cell infiltratiowith both CD4+ and CD8+ cells. Infiltrating
activated macrophages (CD11lc+, HLA-DR+) and tumeerosis factor-alpha and interleukin-6

immunoreactivity are predominately localized to thacrophages (Kureshi et al. 1994).

If an effective neuroprotective drug were availalthee therapeutic index (the ratio of the
anti-tumoural effect and the side-effects) could dmanged substantially. The histological and
cellular disturbances caused by irradiation closelgemble the neurodestructive changes and
neuronal death manifested as a result of neuroaegive processes. Numerous other studies have
suggested that neurocognitive deficits and anledtlal decline which severely affect the patient’s
QOL similarly occur following whole or partial braiirradiation (Roman and Sperduto 1995;
Greene-Schloesser et al. 2013). Following the pa@tion of adjunctive chemoradiation into the
standard treatment regimen for patients with glstdma, many trials have confirmed both
histopathologically and radiographically up to &8} elevation in the number of treatment-related
injuries as compared with radiation alone (de Wiile2004; Chamberlain et al. 2007; Brandsma et
al. 2008).

[.3. Therapeutic approaches

[.3.1. ABC transporters and subfamily of MRPs

Recent investigations have attracted attentioméadles of the dysfunction of the BBB and
the blood-cerebrospinal fluid barrier (BCSFB) irureegenerative disorders. Passage across these
barriers is modulated by certain transport protamnd pumps. Many of the efflux pumps belong in
the adenosine triphosphate (ATP)-binding cassaB£] transporter superfamily, one of the largest
and most ancient families of transmembrane pratelin@se proteins bind ATP and utilize the
energy of ATP hydrolysis to perform transporter diimns. The classification is based on the
sequence and organization of their nucleotide hopdold or ATP-binding domain (van Veen &
Konings 1998). In humans, certain ABC transporéeesprincipal causes of resistance of cancers to
chemotherapy and are involved in cystic fibrosid amange of other inherited human diseases.

The functioning of these transporters moderatelfluémces the bioavailability and
disposition of many substances (Ayrton & Morgan 0By limiting the uptake of drugs or toxins
into the target cells and also restricting theugssiccumulation of toxic endogenous metabolites
(Silverman 1999). The ABC transporters can be sudbed into 7 groups, ABCA-G (Borst &
Elferink 2002). As regards the pathogenesis anakrtrent of neurological disorders, perhaps the
most widely studied ABC transporter is P-glycopmot@-gp) or human ABCB1 (Lee & Bendayan
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2004). This is localized on both the luminal (eradial cells) (Beaulieu et al. 1997) and abluminal
(astrocyte foot processes) (Golden & Pardridge 188$%s of the BBB, and the subapical side of
the choroid plexus epithelia in the BCSFB (Raolel899). The accumulation of toxic substances
in the brain may be due to the disruption of P-gpression at the BBB (Schinkel et al. 1994),
thereby heightening the risk of neurological disos] e.g. PD (Drozdzik et al. 2003). However, it
has been demonstrated that MPnot a P-gp substrate (Staal et al. 2001).

Increasing attention has recently been paid tortie of MRPs or human ABCCs in
neurological disorders (Dallas et al. 2006). Theaddbtained from studies using murine models of
neurodegenerative diseases, such as AD (Krohn.e204ll), suggest that MRPs may play an
important role in the neurodegenerative process Hmwever, there are only a few arguments in
favour of the involvement of MRPs in PD pathogesdke Couteur et al. 2001). Abundant data are
available as regards the localization and functbMRPs in the brain, with some controversies.
MRP1 has been demonstrated to be expressed omrtfiral/abluminal side of the human and
rodent BBB (Nies et al. 2004; Soontornmalai eR806; Roberts et al. 2008) and on the basolateral
side of the human and rodent choroid plexus (Saontalai et al. 2006; Roberts et al. 2008;
Nishino et al. 1999). Although MRP1-mediated efflix the murine BBB is questionable
(Cisternino et al. 2003), it seems to be fully fiimeal in the BCSFB (Wijnholds et al. 2000). MRP1
is capable of transporting GSH and oxidized GSH Gy and GSH conjugates of certain
substances (Zhou et al. 2008). For example, the G8tligate of 4-hydroxyrans2-nonenal, a
chemically reactive and prevalent toxic aldehydealso transported by MRP1 (Renes et al. 2000),
which would be an important detoxification mechamguring oxidative stress. However, free GSH
can also be depleted by MRP1, a process of undlgaificance which can be stimulated by
bioflavonoids, e.g. naringenin (NGN) (Leslie et2003). The function of MRP1 can be inhibited by
several substances, including silymarin (SIL) (Wwale 2005), probenecid (Gollapudi et al. 1997)
and sulfinpyrazone (SP) (Bakos et al. 2000). AltdioMRP2 is widely expressed in the luminal
surface of the capillary endothelium in the porciwed rodent brain (Miller et al. 2000), its
functional presence in the human brain is equivdtddas been demonstrated by the use of cDNA
arrays to be overexpressed in endothelial cells) ftemporal lobe blood vessels of patients with
refractory epilepsy (Dombrowski et al. 2001), arudymerase chain reaction analysis showed the
expression of MRP2 mRNA in perilesional tissue frgatients with brain glioma or cerebral
haemorrhage (Nies et al. 2004), but the MRP2 protéself could not be detected by
immunofluorescence microscopy in those perilesidissues (Nies et al. 2004). The substrates of
MRP1 and MRP2 show similarity with regard to thengport of GSH, but the affinity of MRP2 for
GSH conjugates is less than that of MRP1 (Evedad. &000). MRP2-mediated transport can also be
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stimulated by NGN, and interestingly, in contrasthMRP1, SP also stimulates it (Pedersen et al.
2008). The function of MRP2 can be inhibited by mwous substances, including SIL (Pedersen et
al. 2008). Although quantitative polymerase chaiaction analysis indicated the brain expression of
MRP3 mRNA, which shows the highest amino acid segeeresemblance (58%) with MRP1
(Kiuchi et al. 1998), the protein itself is not fyasized in detectable amounts in the brain (Nies e
al. 2004). MRP4 and MRP5 isoforms seem to be themMRP isoforms synthesized in the human
brain (Nies et al. 2004). MRP4 has been demonsittatéde localized in the luminal surface of the
human and rodent BBB (Nies et al. 2004; Robertale®008; Leggas et al. 2004) and on the
basolateral side of the human and rodent choraguysl (Roberts et al. 2008; Leggas et al. 2004;
Choudhuri et al. 2003). Although MRP5 has beenntedado be clearly localized to the luminal side
of the BBB in human brain, it exhibits only a lowpeession level in the rodent BBB (Roberts et al.
2008). As regards the BCSFB, MRP5 is mainly loealizo the ependymal cells in the rodent brain
(Roberts et al. 2008). MRP4 and MRP5 have simil#vsgate specificities and can transport
molecules involved in cellular signalling, suchcgslic nucleotides (Zhou et al. 2008), while MRP4
can also transport purine metabolites, such a® k&n Aubel et al. 2005). Allopurinol (AP), a
well-known purine analogue and xanthine oxidasebitdr, has been demonstrated to be an
allosteric enhancer of MRP4-mediated transportSgikh et al. 2008), while NGN is capable of
moderate stimulation of the ATPase activity of ttemsporter (Wu et al. 2005). SP and SIL are able
to inhibit both MRP4- and MRP5-mediated transptot,similar extents, while probenecid is a
considerably more potent inhibitor of MRP5 tharMiRP4 (Wu et al. 2005; Reid et al. 2003).
Probenecid is a widely-used non-selective inhibafoIRPs and organic anion transporters (Zhou

et al. 2008; Sugiyama et al. 2001). Probenecidrtreat enhances the toxicity of MPTP, which is
presumably due to the inhibitory effect of probaedexm MPTP transport in the kidney and BBB

(Lau et al. 1990; Meredith et al. 2008).

The few available data as regards the role of MIRFRD led us to investigate the possible roles of
MRPs in the neurotoxicity of MPTP/MPPAs there are no specific and selective inhibitors
stimulators of MRPs that are available ifowivo andin vitro studies, we applied SIL as an inhibitor
of MRP1, MRP2, MRP4 and MRP5, NGN as a stimulatoM&P1, MRP2 and MRP4, SP as an
inhibitor of MRP1, MRP4 and MRP5 and a stimulatbMiRP2, and AP as an MRP4 stimulator.

1.3.2. Kynurenic acid analogues
It is well known that excitotoxicity, which means a&axtreme high glutamate level in the
brain, is in the background of numerous neurodegine processes. During pathological events,

neurones are impaired or killed by the overactoratof EAA receptors such as N-methyl-D-
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aspartate (NMDA),a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic agidMPA) and kainate
(Olney 1969). The metabolites which can result frim@ oxidative metabolism of tryptophan and
mainly the kynurenine pathway can change the axéttaof brain tissue. Those compounds which
inhibit quinolinic acid (QUIN), the glutamate redep agonist intermediate of the tryptophan
metabolism, and also free radical-generated effesight be potentially neuroprotective. KYNA
exerts an antagonistic effect on the NMDA recepédrihe glycine binding site (Kessler et al. 1989)
thereby decreasing the free radical formation-iedueseurotoxic effects of QUIN and its precursor
3-hydroxy-L-kynurenine, which primarily develop ihme neocortex, striatum and hippocampus.
These regions are the predilection sites of negederative diseases. L-Kynurenine (L-KYN), the
precursor of KYNA, and some KYNA derivatives carspahrough the BBB. These compounds can
efficiently inhibit brain injuries following hypereitability, and hence in appropriate concentration
can be neuroprotective, as proved by the attenuatialifferent noxae (e.g. in cerebral ischaemia,
pentylenetetrazole-induced epileptic seizure anpgesmental migraine or Huntington models).
Those experimental results are likewise very imgadrtwhich suggest that L-KYN and its
metabolites influence the cerebral blood flow arid wvasodilative effect can facilitate
neuroprotective processes (Bari et al. 2006). kotig radiation-stimulated inflammatory reactions
of the CNS, which restrict the effective therapylwhin tumours, and the selective decline of
progressive neuronal death caused by microgliardggon and the impaired circulation of the
blood supply, KYNA analogues might theoreticallyveell applicable.

In recent years, several KYNA derivatives have baeveloped, among them KYNA amides. One
of the new analogues, N-(2-N,N-dimethylaminoetddxo-1H-quinoline-2-carboxamide
hydrochloride (KYNA-1), has proved to be neuropotitee in several models. One of our papers
reports on the synthesis of 10 new KYNA amides (K¥IN-KYNA-10) and on the effectiveness of
these molecules as inhibitors of excitatory symaptansmission in the CA1l region of the
hippocampus. The molecular structure and functieffaicts of KYNA-1 are compared with those

of other KYNA amides. KYNA-1 may be considered armrsing candidate for clinical studies.

[.3.3. Potentials in a phosphatidylcholine derivatie

Phosphatidylcholine is a key component of endogenasurface-coating substances and
biomembranes, and it is well founded that thidhes main constituent involved in lipid peroxidation
and the loss of membrane-forming phospholipid leitay(Volinsky & Kinunnen 2013)GPC is a
water-soluble, deacylated phosphatidylcholine dérre which may be hydrolysed to choline and
can possibly be applied for the resynthesis of phasdylcholine (Gallazzini & Burg 2009).
Interestingly, markedly lower levels of GPC haveebeeported after experimental haemorrhagic
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shock, with recovery to the baseline only 24 hrlgBeribner et al. 20105everal lines of research
suggest that GPC would be efficacious in influegdime inflammatory respons&PC has proved
effective against loss of the membrane functio@&MS injuries (Amenta et al. 1994; Onishchenko
et al. 2008), and it was previously investigatecaagentrally acting parasympathomimetic drug in
acute cerebrovascular diseases and dementia disqiBkrbagallo Sangiorgi et al. 1994; De Jesus
Moreno Moreno 2003; Parnetti et al. 2007). Afteal@dministration, GPC has been demonstrated
to pass through the BBB and reach the CNS, wheseiicorporated into the phospholipid fraction
of the neuronal plasma membrane and microsomesbbaiyet al. 2011 Brownawell et al. (2011)
studied the toxicity of GPC in rodents. The acatdyacute and late effects of different GPC doses in
the range from 100 mg/kg body weight (bw) to 1006/kg bw have been examined in rats.
Acutely, the lethal dose of intravenously injec@HBC was 2000 mg/kg, and the intraperitoneal (i.p.)
dosing of rats resulted in mortality starting adQ@5ng/kg. In subchronic or chronic studies, dodes o
100 and 300 mg/kg GPC did not modulate the bodygmteibehaviour, clinical chemistry or
haematology of rats, and did not produce any sijigeneral toxicity.
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. AIMS

Our aim was to develop reproducible preclinical eledn order to test different approaches and
compounds which may protect against damage caysedurotoxic agents.

We set out to determine tolerability and possibled effects of promising neuroprotectors.
Additionally, we proposed an integrated system ehdvioural, histological and molecular
investigations on correlations of the early and [@tanges caused by ionizing radiation.

After establishment of this small-animal model, goal was to explore the pathomechanism of
radiation changes and research on potential neulioprotective agents.

In summary, the aims of our studies were:

(i) an assessment of the roles of certain MRP2,(4,and 5) in the neurotoxicity induced by MPTP;
(i) to examine whether KYNA amides exert any bebaxal side-effects in the C57B/6 mouse
strain;

(i) to develop a precise dose delivery technifepartial brain irradiation and to set up a small
animal model of ionizing radiation-induced braifjuny;

(iv) to set up a dose—effect curve of radiosengytiand to establish the most appropriate dose of
irradiation for research on radiation modifiers;

(v) to investigate late effects of radiation-indddzain injuries; and

(vi) to apply the model to investigate potentialiegion-induced brain injury modifiers.
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[ll. MATERIALS AND METHODS

[11.1. Drugs

NGN, SIL, SP, AP, sesame oil, MPTP, DA hydrochlerid3,4-dihydroxyphenylacetic acid
(DOPAC), homovanillic acid (HVA), sodium metabishife and sodium octylsulphate were from
Sigma-Aldrich  Hungary Ltd. (Budapest, Hungary). dhdoric acid, disodium
ethylenediaminetetraacetate (EDTA), sodium dihydnpdnosphate, acetonitrile and phosphoric acid
were from VWR International Ltd. (Debrecen, Hungary

L-KYN sulphate (KYNA-11) was from Sigma-Aldrich Hgary Ltd. (Budapest, Hungary). New
KYNA amide derivatives (KYNA-1, N-(3-N,N-dimethylamopropyl)-4-oxo-1H-quinoline-2-
carboxamide hydrochloride (KYNA-2) and N-(2-N-pyiidinylethyl)-4-oxo-1H-quinoline-2-
carboxamide hydrochloride (KYNA-6)) were preparedni KYNA and the appropriate amine by
using N,N-diisopropylcarbodiimide as coupling reage

GPC was produced by Lipoid GmbH (Ludwigshafen, Gary).

[11.2. Behavioural studies

[11.2.1. Open-field

The spontaneous locomotor and exploration actsvitiere measured by an automated tracking
system with an activity chamber. The open black Wik a dark floor was made of wood. The box
was connected to a computer which recorded thdsitiqee behaviour and locomotor activity of the
animal. Each animal were placed individually at demtre of the black box (48 x 48 x 40 cm),
which was equipped with automated infrared photedelr measurements, and allowed to move
spontaneously for 5 (in the case of mice) or 15tfie case of rats) minutes. The tests were
performed at the same time of day so as to minimaimnges due to the diurnal rhythm. Between
sessions, the arena was cleaned with 70% alcoldotiaed. The movement signals were analysed
by Conducta 1.0 (Experimetria Ltd, Budapest, Hupgaoftware. The analysis resulted in a track
record; the locomotor activity was expressed astoted distance moved (cm) in a predetermined
period of time, the times spent in movement andeat (s), the mean velocity (cm/s), and the
frequency and duration of rearing.

In the course of the studies of the behaviouraot$f of KYNA analogues, the mice were examined
2 h after the first treatment (acute), and therthenlast day (day 9) of treatment (chronic). Irsthi
case, the ambulation time, the mean velocity, thall time and the number of rearings were
evaluated. In the other experiments, rats weredesvery 2 weeks and the ambulation distance,

velocity, immobility time and rearing count weresassed.
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[11.2.2. Morris water maze test

The MWM protocol of Vorhees and Willams (Vorheegl &illiams 2006) was used, visuospatial
cues being provided to guide the animals in tefsksppocampal memory. The MWM consisted of a
cylindrical white tank with a diameter of 175 cmdaa height of 50 cm, containing liquid made
opaque with a non-toxic white dye. The tank wdsdilwith water up to 32.5 cm and maintained at
21-24 °C. The pool was divided into four equal gqaats, and a removable transparent Plexiglas
platform (10 cm in diameter) that could not be sbgrthe swimming rats was hidden at the centre
of one of the quadrants, with its top 1 cm below $hirface. The platform provided the only escape
from the waterThe position of the platform was constant throughbe 3-day acquisition period.
Pictures fixed permanently on the surrounding wsedlsred as distal navigation cues to enable the
rats to locate the platform. The distinctive visgales remained constant throughout the entire
course of testing. The first two days were acgoisibr training days, and the task was performed
on the third day. The training period consistedddfials per day with a 5-min inter-trial interval.
Each trial began with the rat in the pool and enakdn the rat found the platform or after 120 s. If
the animal failed to locate the platform within 120it was guided to the platform manually. Once
on the platform, the rat was allowed to rest forsl@ was then towel-dried and placed in an inter-
trial holding cage where a heating source was pealito maintain the animal’s body temperature
during the inter-trial interval. During the acquisn phase, measurements were made of the time (s)
and the path length (cm) taken to locate the platfarhis site navigation test was performed once

before the irradiation and subsequently once irthilrd and once in the fourth month.

[11.3. Animal model of PD

[11.3.1. Animals

The procedures utilized in this study followed thedelines of the European Communities Council
(86/609/ECC) to minimize animal suffering and wapproved in advance by the Ethics Committee
of the Faculty of Medicine, University of Szegedx-&eek-old C57B/6 male mice (weighing
between 18 and 23 g) were used. The animals weusedoin cages (at most 5 per cage) and
maintained under standard laboratory conditionsh) ¥&p water and regular mouse chow available
ad libitiumon a 12 h light-dark cycle, at 21+1 °C and 50+10%idlity.

[11.3.2. Treatments
Four groups of mice were used in the first 4 expertal set-ups for the assessment of the 4
substances. The first 2 groups of mice receivednjpctions of SIL (100 mg/kg/day, in a volume of

5 ml/kg, suspended in sesame oi=8& n=9), NGN (100 mg/kg/day, in a volume of 5 ml/kg,
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suspended in sesame oil=id, n=7), SP (100 mg/kg/day, in a volume of 5 mi/kg, mrged in
sesame oil; ¥8, n=9) or AP (60 mg/kg/day, in a volume of 5 ml/kgspanded in sesame oil;
n;=10, n=10) respectively, once a day, at the same timé éagy for one week. The second 2
groups of mice received sesame oil (in a volumé afl/kg; =8, n=8; =7, n,=7; =8, ny;=9;
ns=6, ,=10) in the same treatment regime. On day 8 okiperiments, 1 h after the regular daily
injections, the second and fourth groups receiyyednjections of MPTP (15 mg/kg, in a volume of
5 ml/kg, dissolved in 0.1 M phosphate-bufferedrealfPBS)) 5 times at 2 h intervals (total dosage:
75 mg/kg). The first and third groups received BLIPBS (in a volume of 5 ml/kg) in the same
treatment regime. From day 9, the 4 substances fudteer administered once a day for another
week, with the corresponding control injectionss@ading to the treatment regime detailed above.

[11.3.3. Sample preparation

Eight days after toxin administration (day 16 o #xperiment), all the mice were decapitated and
the brains were rapidly removed and placed on arcioled plate for dissection of the striatum.
After dissection of both striata from the forebraiock, these were stored at =70 °C until further
sample processing. In the next step, the striate weighed and then manually homogenized in an
ice-cooled solution (25(l) comprising perchloric acid (74d; 70% wi/w), sodium metabisulphite (1
ul; 0.1 M), EDTA (1.25ul; 0.1 M) and distilled water (240.54) for 1 min in a homogenization
tube. The content of the homogenization tube washe quantitatively into a polypropylene
Eppendorf tube with the used solution to give alfwolume of 1.5 ml, which was then centrifuged
at 10,000 g for 15 min at 4 °C. Thereafter, theesogtant was transferred to another polypropylene
Eppendorf tube and was stored at —70 °C until clatographic analysis.

[11.3.4. Chromatographic conditions

DA and its metabolites, DOPAC and HVA, were anallysg reversed-phase chromatography, using
an Agilent 1100 high-performance liquid chromat@ima (HPLC) system (Agilent Technologies,
Santa Clara, CA, USA) combined with a Model 105cetechemical detector (Precision
Instruments, Marseille, France) under isocraticditions. In brief, the working potential of the
detector was set at +750 mV, using a glassy caebesirode and an Ag/AgCl reference electrode.
The mobile phase containing sodium dihydrogenphatgpli75 mM), sodium octylsulphate (2.8
mM) and EDTA (100uM) was made up with acetonitrile (7% v/v) and thé was adjusted to 3.0
with phosphoric acid (85% w/w). The mobile phases wlalivered at a rate of 1 ml/min at 40 °C
onto the reversed-phase column (HR-80 C18, 80x4r§ Bum particle size; ESA Biosciences,
Chelmsford, MA, USA) after passage through a pheroa (Hypersil ODS, 20x2.1 mm, pm
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particle size; Agilent Technologies, Santa Clara, OSA). Ten-microlitre aliquots were injected
by the autosampler with the cooling module set 4C4 The signals captured by the Model 105
electrochemical detector were converted by an Agil@5900E dual-channel interface and the
chromatograms were evaluated by ChemStation R&v(R Isoftware (Agilent Technologies, Santa
Clara, CA, USA).

[11.4. Study of behavioural effects of some kynurert acid analogues

[11.4.1. Animals

Behavioural experiments were carried out on 6-wadk€57B/6 male mice (n=60). The animals
were kept under controlled environmental conditian22+2 °C under a 12-h light-dark cycle. Food
and water were availablad libitum The local Animal Ethics Committee had approvet al
experiments. The care and use of the experimemiahads were in full accordance with the
86/609/EEC directive.

[11.4.2. Treatment regime

The mice received i.p. injections of KYNA-1 (200 fkg/day, in a volume of 5 ml/kg, dissolved in
distilled water, the pH of which was adjusted t6 with 1 N NaOH). For comparison, KYNA-2 or
KYNA-6 in equimolar dosages (likewise in a volunfe o

5 ml/kg, dissolved in distilled water, the pH of isth was adjusted to 6.5 with 1 N NaOH) or the
vehicle (0.1 M PBS, in a volume of 5 ml/kg) was adistered at the same time each day from 6
weeks of age.

In behavioural experiments, the mice were treatecedin acute experiments) or for 9 days (in

chronic experiments) according to the regime dedaglbove.

[11.5. Small-animal model of irradiation

[11.5.1. Animals

Experiments were performed on 57 adult Sprague-BaW@PRD) male rats, weighing on average
210 g (range 176-280 g). The animals were housex dlimate-controlled environment (25 °C)

maintained on a 12 h light/12 h dark cycle and wallewed free access to food and water. All
experiments were conducted in full accordance withEuropean Communities Council Directive
(86/609/EEC) for the Care and Use of Laboratorymfals and were approved by the University

Animal Research Committee.
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[11.5.2. Dosimetry of small electron field

In order to verify the dose depth curve, the figtdfile and the lateral dose fall-off of the 2,&4,8,

10 and 12 mm electron collimators, we measuredatisorbed dose of a 6 MeV electron beam
irradiating at a dose rate of 300 monitor units (¥min in a water phantom, using a pin-point

ionization chamber (Canberra Packard Central EuapmdH, Schwadorf, Austria), and in a solid

water phantom with a 1 cm build-up layer for filosimetry (Canberra Packard Central Europe
GmBH). The graphical representation of the entravfcthe treatment beam was aligned with the
approximate location of the corpus callosum-hippgmas as determined from the pre-existing MRI
and computed tomography (CT) scan of a rat. Trarsg¥aluation of the dose distribution, the 90%
and 70% isodose levels were superimposed on thgeifthe skull, aligned with the approximate

location of the general rat brain structures (FeglLi).

Necrosis

Figure 1. Dose distribution using a 10 mm diameter beam. 908 and 70% isodose levels are
superimposed on the sagittal image of the rat b(An The haematoxylin—eosin (H&E) slide of the
brain at the 70 Gy dose level. Damage caused byirthdiation on the left side localized to a
defined small brain volume in the high-dose regisithout any histopathological aberrations in the
contralateral hemisphereB(). The sub-panel image right to image B shows th&-pradiation

brain injury at higher magnification.

[11.5.3. Irradiation

Two prone adult male SPRD rats placed nose-to-imotbe irradiation position, with earpin fixation,
were imaged in the Emotion 6 CT scanner (Siemens Bitangen Germany) in order to obtain
three-dimensional (3D) anatomical information féarming of the radiation geometry. Slices (1.25
mm) were obtained by using the maximum resolutitfarded by the scanner. The whole brain,
eyes, internal ears, corpus callosum and hippocarapuoth sides, together with the target volume,
were delineated in the XIO CMS™ treatment plannsygtem (ELEKTA, Stockholm, Sweden),
using MRI and the anatomy atlas of the rat brainé MeV lateral electron beam at a 100 cm
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source-to-skin distance (SSD) was chosen becatnss i sharp dose fall-off with depth, confining
the radiation dose delivery to the defined volurhthe hippocampus, including the corpus callosum
of the ipsilateral hemisphere, while sparing th sthe eyes, the ears, the cerebellum, the frontal
lobe and the contralateral half of the brain (FegdA, 1B). No build-up bolus was used. The
planned doses were delivered in a single fractypmieans of a linear accelerator (Primus IMRT,
Siemens, Erlangen, Germany) at a dose rate of 800OMAJ/min, with 6 circular apertures 10 mm
in diameter, each in a 20 mm thick Newton metakinhplaced into the 15 x 15 cm electron
applicator, to the following groups of animals: 13§ (n=3), 110 Gy (n=3), 100 Gy (n=3), 90 Gy
(n=6), 80 Gy (n=3), 70 Gy (n=6), 60 Gy (n=3), 50 Gy6), 40 Gy (n=12) and sham-irradiated
(n=12). Immediately prior to irradiation, the anisiaere anaesthetized with an i.p. injection of 4%
chloral hydrate (1 ml/100 g Fluka Analytical, Buglswitzerland). They were placed 2-by-2, nose-
to-nose, on the 3-storeyed positioning device andbuch of the irradiation unit and their heads
were aligned individually at the intersection oétheam axis-marking lasers. The light field was
directed at exactly the middle of the distance leetwthe eye and ear, with the upper edge at the top
of the skull. An ear plug was inserted into thelgieral ear. Pairs of animals were situated or8all
storeys. The irradiation dose rate was 300/900 Mivend de-escalated doses ranging from 120 to
40 Gy were applied, with 3—-12 animals per dosell&ee monitor units (3000 MU/10 Gy) used for
the irradiation were derived from the previous dffiald dosimetry. The radiation geometry was
verified prior to the irradiation, and documented dontrol imaging on film after the irradiation
(Figure 2). The animals were first imaged with 8¥aole insert exposed to 6 MeV electrons (50
MU), after which the insert was removed and a ldrglel (20 x 20 cm) of 6 MeV photons was
imaged (1.6 MU) to obtain an outline of the skaljéther with the body landmarks such as the oral
cavity, ear canals, etc. Sham controls were aneizth, but not imaged or irradiated. Following

treatment, the animals were transferred to theindvoages and kept under standard conditions, with

weekly weight measurements, descriptive behavibservations and skin detection.

Figure 2. The preparation for irradiation was performed bydwidual fixation of the rats after
alignment of reference points under i.p. anaesthéZirs of animals were situated on all 3 storeys
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of the positioning device. The radiation geometag werified prior to the irradiation with the aid o
the intersection of the beam axis-marking laserg] documented by control imaging on film after

the irradiation.

[11.5.4. Magnetic resonance imaging

Sixty rats underwent 72 MRI procedures prior t@let9 weeks after irradiation. Randomly selected
animals from each irradiation dose level were exachiby means of 1.5 T MRI (Signa Excide
HDxT, GE Healthcare, Little Chalfont, BuckinghanmehiUK), using a human head coil with a
home-made styrofoam holder containing 6 animalseung. chloral hydrate (Sigma Aldrich, St
Louis, MO, USA) anaesthesia. No contrast agent ugzsl for the MRI images. Twelve animals
underwent 3 MRI examinations, at baseline, at rarditand prior to histology: coronal-T1 (T1:
longitudinal relaxation time) 3D ultrafast gradi@aho with magnetization preparation [IR-FSPGR],
field of view [FOV] 17.0 mn, inversion time [TI] 450 slice thickness [ST]: In#m), sagittal (3D
Cube T2, repetition time [Tr] 3000, echo time [T&], FOV: 13 mr, Tl 450, ST: 1.2 mm, Space
[Sp]: 0) and coronal T2 (T2: transverse relaxatiore) weighted (3D IR-FSPGR; FOV: 13 rim

ST: 1.2 mm, Sp: 0) images were acquired. The MBtg@dure required about 10 min per sequence.

[11.5.5. Histopathology

Rats were anaesthetized with 4% chloral hydratepmnflised transcardially with 0.1 M phosphate
buffer solution (pH 7.0-7.4) before they were fixeith 4% paraformaldehyde buffer solution (pH
7.0-7.4) at 4 °C. The brains were dissected outpastfixed in paraformaldehyde for 1 day before
being embedded in paraffin. Serial @®-thick sections were cut with a vibratome. Sediorere
stained with H&E for histologic evaluation; for thlemonstration of demyelination, Luxol fast blue
staining was used. All analyses were performeddbfinusing coded sections. Evaluations were
carried out with a semiquantitative method, indej@etly by 2 experienced histopathologists. A
score was awarded for each examined parametero@igcmacrophage density, vascularization,
haemorrhage, reactive gliosis, calcification anchgelination) on a semiquantitative scale of from 1
to 4 (where 1 represented the normal brain stragtum the case of necrosis, at low magnification
(optical magnification [OM] 50x): 1: not detecte®t; necrosis detected in <50% of the examined
field; 3: necrosis detected in 50-100% of the exaaiifield; 4: the necrosis detected was larger than
the FOV, or affected both hemispheres of the breinv@ macrophage density was examined at high
magnification (OM 400x): 1: no foamy macrophagesedid; 2: 1-4 foamy macrophages/high-
power field (HPF); 3. 5-10 macrophages/HPF; 4: »ifcrophages/HPF. Vascularization was

scored (OM 50x) as 1: no neovascularization dede@e newly-formed small, simple capillaries
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detected around the necrosis; 3: newly-formed leaj@s detected around the necrosis, which
contained variously-sized, but simple capillariésjarge, complex capillaries or small capillaries
seen with endothelial proliferation. HaemorrhageM(®0x): 1: no haemorrhage detected; 2:
haemorrhage detected in a single, small focus;a8morrhage seen in multiple small foci, or a
single, larger focus; 4: extensive multiple haeinage detected. Reactive gliosis (OM 200x): 1: no;
2: mild; 3: moderate; 4: severe reactive gliosiedied in the brain.

Calcification (OM 50x): 1: no calcification; 2: angle small calcified focus detected; 3: multiple
small or a single, larger focus detected; 4. extensnultiple calcifications detected.

Demyelination (OM 400x): 1. none; 2: mild; 3. mod&r demyelination, but fibres detected; 4.

severe demyelination, with destruction of the fsre

[11.6. Application of GPC in the small-animal model of partial brain irradiation
[11.6.1. Treatment

A total of 24 adult (6-week-old) male SPRD rats rgased from the Animal House of the
University of Szeged) were used in these experimdrite 40 Gy dose level (which was found to be
appropriate for the detection of brain injury inreasonable time period) was selected for the
investigation of neuroprotection. Rats (weighingnir 180 to 220 g) were anaesthetized (4% chloral
hydrate (Fluka Analytical, Buchs, Switzerland), Y100 g, i.p.) and placed in the prone position,
using laser alignment. After earpin fixation, thesere imaged in the Emotion 6 CT scanner
(Siemens AG, Erlangen, Germany) in order to planrddiation geometry. The dosimetry of the
small electron field and the method of irradiatiweere the same as previously. The following groups
of animals participated in the experiment: a shamadiated control (CO) group (n=6), an only GPC-
treated (GPC) group (n=6), an RT group (n=6), armbth GPC-treated and irradiated (GPC+RT)
group (n=6). Beginning from veek before the day of irradiation, the rats reeg@iGPC (Lipoid
GmbH, Ludwigshafen, Germany; 50 mg/kg bw, dissolire@.5 ml sterile saline, administered by
gavage) or the vehicle at the same time every skdag (on Mondays, Wednesdays and Fridays)

for 4 months.

[11.6.2. Histopathology

The preparation for and conductance of the hishapagyy were the same as reported above.
Sections were analysed under an Axio Imager.Z1 H&h Neofluar 40x/0.75 M27, Freiburg,
Germany) light microscope, and photomicrographsewtken with AxioCam MR5 camera

equipment. Digital photos were analysed with thel a@f Image-Pr8 Plus 6.1 software
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(MediaCybernetics Inc., Bethesda, MD, USA). All Bsas were carried out blindly on coded
sections by 2 independent histopathologists. Tlanaxed parameters and the scoring system were

not altered.

[11.7. Statistical analysis

All statistical analyses of HPLC measurements vperformed with the help of the SPSS Statistics
17.0 software. We first checked the distributiondata populations with the Shapiro-Wilk W test.
All the data of the experimental groups exhibitedu§sian distribution. We then performed the
Levene test for analysis of the homogeneity of arames. The 4 groups in each set of the 4
experiments were compared by using one-way meastigglysis of variance (ANOVA) followed
by a Bonferronipost hoctest comparison when equal variances were assumed, @ Ggmes-
Howell post hoctestcomparison when equal variances were not assuntedndll hypothesis was
rejected when the p level was <0.05, and in suskesthe differences were considered significant.
Data were plotted as means (+ standard error ahtten (SEM)) in the graphs.

For statistical evaluation of the data in the bétwanal tests and histopathology, one-way ANOVA
was used, followed by Fisher's LSpost hoctest with StatView 4.53 for Windows software
(Abacus Concept Inc., Berkeley, CA, USA). Theseadatre expressed as means+SEM. Levels of
statistical significance in the behavioural tesesentaken as49.05 and g0.01.

Measurement of the level of agreement between wWee ihdependent histopathologists was
performed in R Version 3.0.2 with the Coherest for the different items used to assess the
morphological changes after partial brain irradiati This measure calculates the degree of
agreement in classification over that which wouldekpected by chance and is scored as a number
between 0 and 1. A value of>0.8 indicates excellent, 0.6-0.8 good, 0.4—0.6 maide 0.2-0.4
poor, and <0.2 no agreement. All p values wereeobed according to Bonferroni and were

considered statistically significant if p<0.05.



27

IV. RESULTS

IV.1. Detection of catecholamines

We first tested the effects of pre- and post-treamiimwith SIL on the MPTP-induced significant
changes in striatal DA ([k207~10.074,p<0.001, Games-Howeflost hoctest:p<0.05]; Figure 3A),
DOPAC ([Rs,2075.45, p<0.05, Bonferronipost hoctest: p<0.05]; Figure 3B)and HVA levels
([F(z,20=7.817,p<0.001, Bonferronpost hoctest: p<0.05]; Figure 3C). The SIL treatment did not
influence these alterations appreciably. In th@sdset of experiments, we tested the effectsef pr
and post-treatment with NGN on MPTP toxicity. Instiset of experiments, although the NGN
treatment did not significantly alter the reduciaaused in the striatal DA (§F4=9.552,p<0.001,
Games-Howelpost hodest:p<0.05]; Figure 3D) and DOPAC ({f>4=10.908,p<0.001, Bonferroni
post hoctest: p<0.01]; Figure 3E)levels by MPTP administration, a slight lessenirfighe DA
decrease was observed. In this experiment, the H&v&ls were not altered significantly at all
(Figure 3F). In the third set of experiments, wadd the effects of pre- and post-treatment with SP
on the significant MPTP-induced reductions in silidDA ([F326798.189,p<0.001, Bonferroni
post hoctest: p<0.001]; Figure 3G), DOPAC ([f267=36.75,p<0.001, Bonferronipost hoctest:
p<0.001]; Figure 3H)and HVA ([Rs26726.95,p<0.001, Games-Howelpost hoctest: p<0.001];
Figure 3l) levels. The SP treatment did not influence the MifidRiced changes, but slightly
increased the MPTP-caused lethality in mice: 1haf 10 mice died in the MPTP-treated group,
whereas 3 died in the SP- and MPTP-co-treated ghouihe last set of experiments, we tested the
effects of pre- and post-treatment with AP on MR®Ricity. In this set of experiments, MPTP
administration caused significant reductions in #teatal DA ([Rs23752.339,p<0.001, Games-
Howell post hoctest: p<0.001]; Figure 3J), DOPAC ({f»3=42.98,p<0.001, Bonferronpost hoc
test:p<0.001]; Figure 3K)and HVA ([Rs23=24.54,p<0.001]; Figure 3L)evels as compared with
the CO values. Although the AP treatment did nofluemce the MPTP-induced changes
significantly, it considerably increased the MPTdused lethality in mice, as 1 of the 10 mice died
in each of the AP- and MPTP-treated groups, wheradisd in the AP- and MPTP-co-treated group.
It is also important to mention that none of thetéd compounds themselves altered the CO levels
of DA, DOPAC and HVA.
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Figure 3. The effects of SIL, NGN, SP and AP treatments@MPTP-induced decreases in striatal
DA, DOPAC and HVA concentrations in C57B/6 micee Tleatment with SIL apparently did not
affect the MPTP-induced reductions in striatal DX @énd HVA C) levels, while it abolished the
significant decrease in DOPA@Y) level. Although NGN treatment slightly, but nangicantly
attenuated the MPTP-induced reduction in striatah [evel D), it did not alter the change in
DOPAC level E), and no significant change in HVA levEl) (was observed. SP did not affect the
MPTP-induced reduction in striatal DAG], DOPAC H) or HVA () levels. AP did not alter the
MPTP-induced decreases in striatal DA),( DOPAC K) and HVA L[) levels. Data are
means+SEM; *p<0.05, **p<0.01, ***p<0.001.
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IV.2. Behavioural performances of animals treated wh KYNA analogues

Four of the newly synthetized KYNA amides were lfiertinvestigated in behavioural experiments.
Open-field observations were made on 5 groups imfias: a CO group (injected with saline), and
KYNA-1, KYNA-2, KYNA-6 or KYNA-11-treated groups. fiese analogues were chosen for the
following reasons: KYNA-1 was the only new amidattiproved effective as an inhibitor in a
previous in vitro study, KYNA-2 is structurally very similar to KYNA, differing only in
containing an additional —GH group in the side-chain; KYNA-6 and KYNA-11 (KYNAL, L-
KYN sulphate, was tested earlier by Gigler et 802 Németh et al. 2004) differ appreciably in
structure not only from each other, but also froffiN@-1 and KYNA-2.

In acute behavioural experiments, the animals werated with saline (CO) or KYNA amide
analogue 2 h prior to the behavioural observatiasle chronic treatment was administered on 9
successive days, with observations on day 9, 2dn #fe final injection. The animals treated with
one or other KYNA amide analogue did not differaghg in behaviour from those that received the
saline vehicle. The posture and activity were qgsitgilar in each group. The ambulation time, the
mean velocity and the number of rearings did nbilakhighly significant differences in most cases
(Figure 4). Although the ambulation time was somatdecreased after KYNA-11 administration,
the changes were not significant (Figure 4A). Theamvelocities were nearly the same in each
group (Figure 4B). Significant changes in perforocewere observed only in the numbers of
rearings. Both KYNA-1 and KYNA-11 decreased the bemof rearings in the acute experiments,
and KYNA-11 did so in the chronic experiments tooeén+SEM, p<0.05, p<0.01; Figure 4C).
Similar behavioural observations were made on hatisthose results are not detailed here.
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Figure 4. Observations in the open-field aren@) (Time spent in ambulation. No difference was
found between the CO and treated groups in either dcute or the chronic experimentB) (
Velocity of the movements of the mice. No differemas found between the CO and treated groups
in either the acute or the chronic experiment) Number of rearings during 5-min observation
periods. KYNA-1 and KYNA-11 significantly reducdéeg thumber of rearings in the acute
experiments, as did KYNA-11 in the chronic expemtsiémean+SEM; *p<0.05, **p<0.01). If not
labelled, the comparisons were made with the CQugiro

IV.3. Results of small-animal irradiation

The morphological and functional changes were atatliat dose levels in the range 90-40 Gy:

outside this dose range, either lethal or serimesits (120-100 Gy) or no changes (doses <30 Gy;
data not reported here) occured during the at Avosonth post-irradiation follow-up period.

At the highest dose (120 Gy), all of the animalsdemwvent a rapid severe general and

neurofunctional decline (Figure 5) and died or kadbe euthanized between 25 and 40 days after
the irradiation. The rats irradiated at the 110 d&dge level survived longer, but also deteriorated

between 30 and 50 days post-irradiation. At theelodose levels, there were no signs of a general
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impairment; the weight gain, eating habits andydadtivity did not differ from those of the control
rats. All the RT animals suffered hair loss frore #ite corresponding to the beam entrance within

30 days following the irradiation.

70 -
60 -
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40 -
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W 120 Gy

rearing count

native 2nd week  4th week  6th week

Figure 5. The explorative behaviour of the animals beganinairdsh 2 weeks after irradiation at
the 120-110 Gy dose levels, but the rats died befarked changes could occur in this parameter
(mean+SEM).

IV.3.1. Neurofunctional observations

In the early monitoring, significant differences time spontaneous locomotor activity of the rats
irradiated at 90-40 Gy were not detected with thenefield test (neither in the ambulation time nor
in the mean velocity), but the motor function begadecline slightly 8 weeks after irradiation with
the 90 Gy dose. The rearing count was significargtiuced in the groups that received 90-60 Gy.
The time at which the rearing activity started tmidish was dose-dependent: It was 40-55 days
post-irradiation after the 90 Gy dose (mean+SEM).PS) (Figure 6). The animals that received 120

Gy died before marked changes could be seen ip#naneter.
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Figure 6. At the 90 Gy dose level, interesting changes inuation ability were detected after 6

and 8 weeks. The number of rearings also decremséite 90 Gy group relative to the CO. The

mean velocity and the immobility time of the ratsribt change markedly (mean+SEM; *p<0.05).

The MWM test was found to be a highly sensitivel ttwy the detection of a neurofunctional

impairment. A relevant memory deterioration wasedttd soon after the dose delivery at the 70 Gy

dose level and the difference increased with tips(001). A significant cognitive deficit was also

observed 8 weeks after the irradiation in the grimveated with 60 Gy (mean+SEM, p<0.05)
(Figure 7).
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Figure 7. Memory deterioration was detected 7 days afterdise delivery at the 70 Gy dose level
and the difference increased with time (mean+SEdA0:05, ***p<0.001). At the 60 Gy dose level,

a significant cognitive deficit was observed 8 veeadter the irradiation (mean+SEM; *p<0.05).

The commencement of the impairment of the learmiggnory function proved to be dose-
dependent; in the groups irradiated at 50-40 Gy/fitht sign of deterioration was detected 30 days
post-irradiation and the difference relative to @@ animals was more pronounced after 90 days

(Figure 8).
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Figure 8. In the groups irradiated at 50—40 Gy, the firgyrsiof deterioration was detected 30 days
post-irradiation and the difference relative to tG® animals was more pronounced after 90 days
(mean+SEM; ***p<0.001).
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IV.3.2. MRI findings

Serial MRI records demonstrated structural damag®e form of cavity formation in the cortical
region, with extensive perifocal oedema, which gelheappeared 2—4 months following irradiation
(Figure 9). We performed the first post-irradiatighiR|l after 4 weeks in the majority of the cases,
since our aim was to investigate late effects.

120 Gy resulted in a serious deterioration withiwdeks in all rats. Localizedchdiation-induced
cystic necrosis began to appear at approximateBywleeks post-irradiation in one hemisphere of
rats irradiated with 120-60 Gy, after a lower dabe structural changes emerged later, 19-24
weeks after irradiation, in the T1 and T2-weigh(@@W) images of the ipsilateral hemisphere, in

both the coronal and the sagittal plane (Figure 10)

TIW AX T2W SAG *

Figure 9. MRI revealed visible structural damage in the foomcavity formation in the cortical
region, with extensive perifocal oedema, which appe from 2 to 4 months following irradiation.
Arrows show the site of the radiation injury. T1\WX: Ahe T1-weighted image of the brain in the axial

plane; T2W SAG: the T2-weighted image of the brathe sagittal plane.
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Figure 10.Radiation-induced cystic necrosis began to appedr8 weeks post-irradiation in rats
irradiated with 120—60 Gy; at lower doses, the stual changes were observed later, 19-24 weeks
after irradiation, in the TIW and T2W images, ie tpsilateral hemisphere in the coronal plane.

Arrows show the sites of radiation injury.

IV.3.3. Histopathological evaluations

No signs of necrosis, i.e. neither reactive gliogis any of the other examined histopathological
categories, were seen on the H&E-stained slidéiseo€O animals and the non-irradiated regions of
the brain of the RT animals (Figure 1B). The foliogvparameters correlated closely with the high
(120-90 Gy), medium (80-60 Gy) or low dose (50—40 Iével in the irradiated region of the brain:
reactive gliosis, vascularization, macrophage dgnsecrosis and calcification. No significant dose
dependence was detected as concerns the exteaewofolrhage (Figure 11D). The dose >90 Gy
groups displayed severe necrosis that reached tbhg gnd white matter, causing severe
demyelination, with destruction of the fibres. Thewvels of necrosis, reactive astrogliosis and
calcification and the density of the foamy macra@sawere markedly elevated in these groups as
compared with the CO animals (Figure 11).

The extent of the haemorrhage was significanthh&ighan for the other RT animal groups. The
scores in the 90 Gy group were as follows: necrd&$83), macrophage density (2.33),
neovascularization (2.50), haemorrhage (1.0), neadstrogliosis (2.0), calcification (2.17) and
demyelination (3.0). Severe-to-moderate necross se@n in the 80-60 Gy groups, with severe-to-
moderate demyelination, but the fibres could mob#ydetected. In comparison with the control
group, significant correlations were detected ie fbllowing categories: necrosis, macrophage
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density, vascularization, calcification and reagtgliosis. Moderate haemorrhage was observed in

the animals irradiated with the 80 Gy dose. Theeswere as follows: necrosis (1.89), macrophage

density (2.00), neovascularization (1.89), haenageh(1.1), reactive astrogliosis (1.3), calcifioati

(1.3) and demyelination (2.2). In the 50-40 Gy ggumild-to-moderate necrosis was detected,

with mild-to-moderate demyelination. Significanthcreased levels of necrosis, vascularization and

reactive astrogliosis were seen. Mild calcificatamturred. Interestingly, in 1 animal irradiatediwi

the 50 Gy dose, meningoencephalitis was obserwdgdhb presence of bacteria was not seen. The

scores were as follows: necrosis (1.45), macrophdayesity (1.00), neovascularization (1.00),

haemorrhage (0.73), reactive astrogliosis (0.7dgifecation (0.91) and demyelination (1.27).

35 1

2,5 A

necrosis

0,5

vascularisation

154

kkk

90

*%

80 70 60
radiation dose (Gy)

radiation dose (Gy)

*

50

40

hemorrhage

macrophag-density

3,51

2,5 1

154

0,5

*%

Kk
Kkk * *x #

HH

90 80 70 60 50 40

radiation dose (Gy)

*%

*%

1Y

90

80 70 60 50 40

radiation dose (Gy)



37

2,5 1 31 i
Xk *okk

K [N
[
*

reactive gliosis
calcification
-
o

0 90 80 70 60 50 40

radiation dose (Gy) radiation dose (Gy)

3,5

2,5

*

, # #
15 1
1 4
05 1

60 50 40

0 90 80 70

demyelination

G radiation dose (Gy)

Figure 11. Dose-related histopathological changes after padhiain irradiation. In the RT region

of the brain, the degree of necrosis correlatedselp with the dose level (mean+SEM=15,
Naocy=6, Nsocy=4, Neocy=3, N7ocy=06, Ngocy=3, Noocy=6). Nce=number of CO rats, ya,=number of rats
irradiated at the x Gy dose level. The significateesl between the CO and RT groups is indicated
by *: and the significance level between the 90g@up and the remaining RT groups™A). The
numbers of foamy macrophagd®) (vere significantly elevated relative to the CQnaals in all
groups. A significant correlation was detected e tdegree of vascularization in the RT volume
between the CO and the 90 Gy gro@. (Relative to the CO group, the level of haemagehavas
significantly increased in all groups except thdisat received 70 Gy or 40 GIP). The degree of
reactive gliosis was significantly elevated in thie RT groups compared to the CO animés A
significant correlation was detected in the degoéealcification in the RT volume between the CO
and the groups irradiated at the 120-90 Gy, 80—§0a@d 50-40 Gy dose levels)( The higher
doses caused severe demyelination, with destruofidime fibres, and the intermediate doses led to
severe-to-moderate demyelination, while the lowesed resulted in only mild-to-moderate
demyelination®). p<0.05; p<0.05; #p<0.01; ~ p<0.01; *H<0.001; ™ p<0.001.

IV.4. Treatment with GPC

The 40 Gy RT group exhibited a body weight defittieir body weight remaining under the normal
throughout. The difference between the RT and Caumgg did not reach the level of statistical

significance.
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IV.4.1. MWM test

The MWM test was used to assess the acquisitionratghtion of a spatial working memory.
Healthy rats improve their performance during splete navigation by using their spatial working
memory. After the 40 Gy irradiation, significantme-related changes in learning ability were
detected in both the RT and GPC+RT groups, butktlteanges were significantly reduced in the
GPC+RT group (Figure 12). The first sign of deteaiion was detected 90 days post-irradiation and
the difference relative to the CO animals was npoomounced after 120 days (p<0.001). A relevant
memory impairment was detected in the RT group 4f2® days, and a significant cognitive deficit
was also observed in the GPC+RT group relativehéo@O group (p=0.0025). Despite this, there
was a significant amelioration after GPC managemehich reduced the latency of target finding
relative to the RT group (p=0.012). The GPC amated the memory of the animals and shortened

the latency time of platform finding.
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Figure 12. Latency of target finding during the MWM tdateantSEM). Pretreatment with GPC
decreased the latency time after irradiation, the@3RT animals displaying a similar performance
to that of the CO and GPC groups. The decreaseagnl@0 was significant (p=0.012). The symbol
* indicates a significant difference relative toetfsaline-treated CO group, and the symbal
significant difference relative to the RT gro{ip<0.05; ~ p<0.01;*p<0.001; ™ p<0.001.

IV.4.2. Histopathology

The H&E-stained slides of the CO animals and the-in@diated regions of the brain of the treated
animals exhibited no signs of necrosis, i.e. neitteactive astrogliosis, nor any of the other
examined histopathological categories. In the iatad region of the brain, the following parameters
correlated closely with the 40 Gy dose level: nsiso macrophage density, reactive gliosis,

calcification and demyelination. The RT group thyed moderate necrosis that reached the grey
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and white matter, causing demyelination, with degion of the fibres. The grades of reactive
astrogliosis and calcification, the density of thamy macrophages and the degree of demyelination
were all significantly elevated in the RT groupcasnpared with the CO animals. Marked protective
effects of GPC were detected as concerns the maagepdensity (p<0.001), reactive astrogliosis
(p<0.001), calcification (p=0.012) and the extehtdlemyelination (p=0.035)he scores in the RT
group were as follows: necrosis 3.33, macrophagesite 2.83, reactive astrogliosis 3.50,
calcification 3.0 and demyelination 3.17. In the@HRT group, mild-to-moderate necrosis was seen,
with mild-to-moderate demyelination, but the fibimsuld mostly be detected. In comparison with
the CO group, significant correlations were detkcie the following categories: necrosis,
macrophage density, reactive gliosis, calcificatiprgure 13) and demyelination (Figure 14). The
scores were as follows: necrosis 2.33, macrophagssity 1.50, reactive astrogliosis 1.83,
calcification 2.0 and demyelination 2.17 (Figurg.15

4 -

HCO
OGprPC
ERT

O GPC+RT

calcification
N
|

Figure 13. As expected, the degree of calcification after d2@s was markedly higher in the RT
group than in the CO group, and the GPC treatmeantqeted the brain tissue from this effect
(meantSEM, p=0.013). The symbol * indicates a digant difference between the CO and RT
groups; and the symbélindicates a significant difference between theaRd the other groups.
#p<0.05; "p<0.05; *p<0.001; ™ p<0.001.
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Figure 14. The level of demyelination after 120 days was fgmtly higher in the RT group as
compared with the CO animals, while GPC exerted arked protective effect (meantSEM,
p=0.034). The score in the RT group was 3.17. In the GPC+Rdumg mild-to-moderate
demyelination was seen, but the fibres could mostigietected. The symbol * indicates a significant
difference between the CO and RT groups; and thebsl” indicates a significant difference
between the RT and the other grodjps:0.05; p<0.05; **<0.001; p<0.001.

G

Figure 15.Light micrographs of the hippocampal region in tten-irradiated CO group of rats.
Histopathological changesf the hippocampus in response to irradiation addchanistration of

GPC (). RT group: severe necrosis that reached the grelwhite matter, causing demyelination,
with destruction of the fibre8j. The GPC-treated group was similar to the sharadiated group
(C). In the GPC+RT group, marked protective effe¢t&€BC were detected as concerns the
macrophage density, reactive astrogliosis, calatiien and the extent of demyelination. Only focal

haemorrhage was note®). Scale bar: 20@m.
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V. DISCUSSION

The role of MRPs in the MPTP-induced neurotoxicity

There is increasing evidence supporting the role®8BB and BCSFB dysfunctions in
neurodegeneration, including PD. Although the atien in P-gp-mediated transport has been
demonstrated to play a central role in the neuredegative process (Drozdzik et al. 2003), only a
few data are available on the involvement of MR#®P®D. The aim of our study was therefore to
assess the effects of certain compounds which catulate the function of MRPs expressed on the
BBB and BCSFB (MRP1, 2, 4 and 5) on MPTP toxicityd57B/6 mice. Two of these compounds,
SIL and NGN, are well-known flavonoids (most of $ekecompounds have potent antioxidant and
free radical scavenging properties) (Ross & Kas0022, which have already been tested in certain
toxin models of PD, but not in the MPTP model. Sikhich is known to exert complex
pharmacological action (Saller et al. 2007) inahgdiMRP inhibitor properties, is capable of the
attenuation of maneb- and paraquat-induced lipipeation (Singhal et al. 2011). However, in
our study SIL did not alter MPTP-induced neurotayicThe reason for this difference would be
that maneb and paraquat were applied in a chroeanent regime twice a week for 9 weeks,
which presumably caused less harm than that irwttely applied acute MPTP modéihe other
flavonoid, NGN, with MRP1, MRP2 and MRP4 stimulafmoperties, was moderately protective
against 6-hydroxy-DA-induced neurotoxicity as igrsficantly attenuated the loss of DAergic
neurones and the decrease in striatal DA levelarEdy et al. 2005). Accordingly, in our study
NGN treatment caused a slight, but not signifigametservation of striatal DA content. In contrast
with the above flavonoids, the effects of SP havehbeen tested in toxin models of PD. Although it
did not appear to affect the striatal DA concerdret in our study, it slightly increased the MPTP-
caused lethality in C57B/6 mice. It should be nameid here that SP can reduce serum urate levels
through its uricosuric effect. In a previous studyal high-dose administration of the xanthine
oxidase inhibitor and MRP4 stimulator AP resultedidecreased level of urate, which may have an
important role in the neuronal antioxidant poothe striatum, but did not affect the DA level innsra
(Miele et al. 1995; Desole et al. 1996). Accordingh our study AP considerably enhanced the
MPTP-caused lethality, but the striatal DA contevds preserved in the survivors. The main
explanation for the potentiation of MPTP toxicityy AP would be the decrease of urate
concentration by the inhibition of xanthine oxidastowever, an enhanced transport by MRP4
would also accompany the depletion of urate. Hemcalecrease in serum urate level would

accompany the progression of PD (Sun et al. 2012).
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The depletion of striatal urate by AP (which coblel enhanced by its MRP4 stimulatory
effect) or the use of probenecid (with MRP1 andn8l a@rganic acid transporter inhibitory and
uricosuric effects) clearly augmented MPTP toxiantyC57B/6 mice, while SP (with MRP1, 4 and 5
inhibitory, MRP2 stimulatory and uricosuric efféctenly slightly augmented MPTP-induced
neurotoxicity. On the other hand, a mild level oéyention of the DA decrease was observed in
mice treated with one flavonoid, NGN (with MRP1a2d 4 stimulatory effects), but no influence by
another flavonoid, SIL (with MRP1, 2, 4 and 5 inkoby effects). In conclusion, these data indicate
that the depletion of urate augmented by MRP4 d#tiun increases, while the stimulation of
MRP1- or 2-mediated transporters (probably GSH+ogatjed toxic substances) slightly attenuated
MPTP-induced neurotoxicity.

Effects of some KYNA analogues

It was important that KYNA-1, which had proved napmotective in several models (Vamos
et al. 2009; Marosi et al. 2010; Németh et al. 20RByihar-Csillik et al. 2008), and partially
inhibited NMDA-mediated synaptical transmissiontlive hippocampus, did not induce significant
changes in the behaviour of the tested animals. rékalts confirmed that none of the studied
KYNA derivatives induced major changes in the bébavof these animals. Only the number of
rearings was reduced somewhat after KYNA-1 or KYMNRAadministration. Moreover, as KYNA-1
did not significantly influence the behavioural feemance in the open-field arena, KYNA-1

treatment does not appear to have any apprecialdeffects.

Focal rat brain irradiation model

A simple and effective method was developed fordékvery of a radiation dose to a well-
defined area in one hemisphere of the brain, incguthe hippocampus and corpus callosum, in rats,
similarly to human brain tumour radiotherapy, asoremended by others (Kalm et al 2013). It
allows the investigation of a maximum of 6 smallinaals simultaneously and comprises a
reproducible experimental model for quantificatiohthe functional and morphological changes
occurring due to radiation-induced focal brain dgenavithin a reasonable time franRreclinical
studies on CNS injuries have mainly made use oftaayeted dose delivery resulting from whole-
body radiation fields with the selective shieldin§ extracranial parts (Akiyama et al. 2001,
Vinchon-Petit et al. 2010), or whole-brain irradbat using a standard field with a bolus above the
skull (Ernst-Stecken et al. 2007). However, higbdyective dose delivery techniques were recently
introduced for humans in the cases of head and aedlprimary brain tumours. For radiobiological

investigations in an experimental setting corresioog to clinical radiotherapy, conformal partial
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brain irradiation has been performed on large alsirtiiller-Borcich et al. 1987, Lunsford et al.
1990, Yamaguchi et al. 1991, Spiegelmann et al3,3% a sophisticated technique, such as small
animal stereotactic irradiation either with a gamknéfe (Yang et al. 2000, Kamiryo et al. 2001,
Liscak et al. 2002, Jirak et al. 2007, Liang et2008, Charest et al. 2009, Hirano et al. 2009,
Massager et al. 2009a, 2009b, Marcelin et al. 2@t0)ith a linear accelerator (LINAC)-based
approach (Ernst-Stecken et al. 2007). Arc therafila the application of cylindrical collimators
allows the irradiation of subregions of the skdlbae subject animal (Reinacher et al. 1999, Munter
et al. 2001) and the addition of image guidanceanfe beam CT results in increased accuracy (Tan
et al. 2011). We performed a dose-de-escalation t20—40 Gy in 10 Gy steps. The morphological
and functional changes detected were clearly rl@mtehe radiation dose. The 2-weekly assessment
of open-field tests did not reveal any behavioattdration, apart from the rats irradiated at 12@-1
Gy, which displayed an obvious deterioration. Otilg changes in rearing activity indicated the
effects of the focal brain injury; these were fioktserved 40-55 days post-irradiation at the 90 Gy
dose level. In the course of its explorations, rditegains information about its environment, and it
continues this activity until it can develop aneigtated concept of the situation. One of the most
important roles of the hippocampus is to achievs ititegration, and in normal rats this proceeds
well. Rats with an impaired dorsal hippocampus ieqmore extensive exploration to attain the
same result. The changes in spontaneous locomotmitya mostly depend on the nature and
magnitude of the lesions (Leggio et al. 2006, Atst al. 2009). In our experiments, the slight
changes in locomotor activity can be explainedhgyghort time frame of the open-field tests. These
revealed that the effects of relevant damage inrtbr cortex start to become observable 8 weeks
after irradiation, which corresponds well to thevelepment of an irreversible human focal brain
injury (Godsil et al. 2005, Huang et al. 2009, Gaseet al. 2010). Nevertheless, we do not consider
the open-field activity to be a highly sensitiveltdor the detection of changes due to radiation
damage. A subsequent detailed analysis of our dit@onstrated that the locomotor deterioration
could be measured at high dose levels and attiaterpoints than 2 months after the treatment. In
planned studies, therefore, we intended to perfopan-field tests at 2-week intervals up to 6
months. The MWM test is widely used for the detatif neurofunctional impairments (Justino et
al. 1997, Yoneoka et al. 1999, Akiyama et al. 2Q04¢éak et al. 2002, Vorhees & Williams 2006,
Jirak et al. 2007, Shi et al. 2011). In our modtlet, memory decline first appeared between 30 and
120 days after the irradiation, clearly dependinglte dose delivered. The behavioural impairment
correlated closely with the morphological changetedted by MRI and histology. Numerous
publications have described different methods apidbnted on the value of MRI examinations for

the detection of changes (even at a molecular)leled to ionizing radiation in a small-animal brain
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The radiation-induced morphological changes dematest by repeated MRI scans correlated well
with the dose, the duration and location of theolegKarger et al. 1997, Ishikawa et al. 1999,
Brisman et al. 2003). Single doses of 150 Gy or G30produced necrosis in the hippocampus
within 1-3 months (Liscak et al. 2002) and 75 Guseal a focal brain lesion within 3—6 months
(Liscék et al. 2002, Jirak et al. 2007). At dosighér than 60 Gy, necrotic changes started to appea
within 6 months (Liscék et al. 2002, Brisman et24103), and 20 months after lower doses, such as
25-50 Gy, delivered to the right frontal lobe ofstdMRI changes were demonstrated in relaxation
times T1 and T2 (Karger et al. 1997, Ishikawa e1899) We set out to perform simultaneous MRI
examinations on 6 rats with the available 1.5 Ticeeand a human brain coil in order to detect and
follow up the necrotic changem vivo, and to optimize the time point of histopathologic
examinations. Our method proved simple and effectwith a relatively high throughput, and the
results exhibited a clear correspondence with tistopathological findings. The H&E slides
showed that the irradiation was localized to ardefi small brain volume and the effects in the
animals were well reproducible: the damage appeardd in the irradiated region. We did not
observe histopathological aberrations in the ctateeal hemisphere or in the control animals. This
proves the efficacy of the irradiation method. Tihduced changes depended strongly on the
radiation dose.

Significant correlations were detected betweerrdlagation dose and the degree of necrosis,
the presence of foamy macrophages, the vasculanzand the calcification. Previous studies have
indicated that histopathological structural changeslving a decrease in the cell number and
demyelination can be expected in the dose range(®OGy (Kamiryo et al. 2001, Liscék et al. 2002,
Ernst-Stecken et al. 2007). With such doses, atopathological analysis revealed measurable 6 x
8 mm necrotic lesions with cysta ex emollition, mmaerhage and a reactive cellular response. In
confirmation of earlier data (Munter et al. 199%dak et al. 2002, Jirak et al. 2007, Kumar et al.
2012), the severity of the radiation damage wastlstdose-dependent.

Testing radiation injury and potential radiation modifiers

The various new radiation techniques encouragdatgnaof the dose in the treatment of primary
and secondary brain tumours, though this is accamgaby an increase in the probability of
complications in the healthy regions of the braimjle the concurrent chemotherapy applied in
cases of glioblastoma results in a rise in the remdb treatment-related injurigBrandsma et al.
2008; Chamberlain et al. 2007; de Wit et al. 20(4) the other hand, the rising number of cases of
human stereotactic radiosurgery (SRS) in whichngleidose of 18-26 Gy is applied verify the

clinical relevance of investigations on single dodelivery. In clinical series of SRS, the
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development of brain necrosis has been reported pribbabilities of 25-40%lf the level of
cognitive reduction could be lessened, the QOLhefgurvivors would improve and the social and
economic strain would be reducéthere is therefore a great need for a potent radieptor which
could decrease the extent of damage to the heaiddy.

The hippocampus is the major brain area that pdagsaucial role in the processes of learning and
memory (Izquierdo & Medina 1997; Gil-Mohapel et 2013), and numerous data clearly confirm
that irradiation causes a deterioration of thesactions (Rola et al. 2004; Raber 2010;
Yazlovitskaya et al. 2006). In the hippocampus,dbatate gyrus is the region most susceptible to
radiation (Monje 2008), because this is the siteefrogenesis (Monje & Palmer 2003; Zhao et al.
2008). Our earlier study of the dose—responseioaktiip indicated that the chosen model is
relevant for studying various aspects of healthairbprotection (Hideghéty et al. 2013).

In our present investigation, this method reveagaromising ameliorative effect of GPC, which
can be explained by its role in preserving the geimbranes and cognitive functions in the CNS
Choline and choline-containing phospholipids sushGPC display mainly a cholinergic profile,
interfering with phospholipids biosynthesis, braietabolism and neurotransmitter systems, and are
responsible for maintaining the cell membrane intggand are also precursors of the
neurotransmitter acetylcholine, which is involvedai number of brain processes, including learning
and memory (Tayebati et al. 2013). GPC has prelyjobsen studied as a centrally acting
parasympathomimetic drug in acute cerebrovascutmades and dementia disorders (Barbagallo
Sangiorgi et al. 1994; Parnetti et al. 2001). Aftesl administration, GPC can cross the BBB and
reach the CNS, where it can exert beneficial efféctthe treatment of the sequelae of cognitive
disorders and cerebrovascular accidents. It caarpocate into the phospholipid fraction of the
neuronal plasma membrane and can also increasdette¢s of production and release of
acetylcholine in the brain (Amenta & Tayebati 2008yebati et al. 2011; Tayebati et al. 2013). A
trial of the clinical efficacy and tolerability o6PC on 2044 patients after stroke or transient
ischaemic attacks confirmed the therapeutic efficddGPC in the cognitive recovery, the presumed
mechanism involving the provision of a high levélcboline for the nervous cells, which protects
their cell membranes (Barbagallo Sangiorgi et 894).

Our study clearly illustrates the protective ef,ecf GPC at both functional and morphological
levels The cognitive dysfunction resulting from irradiatican be examined by different methods.
The MWM has been found to be a highly sensitivel foo the detection of a neurofunctional
impairment(Akiyama et al. 2001; Jirdk et al. 2007; Justin@aletl997; Liscak et al. 2002; Shi et al.
2011; Vorhees & Williams 2006; Yoneoka et al. 199H)e MWM task clearly demonstrated the

effects of GPC on the working memory and long-fagstieference memory of rats after irradiation at
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a 40 Gy dose level, the differences in learninditgbbetween the RT and CO groups becoming
more pronounced as time passed.

An earlier analysis of the histological changestedhe finding that brain irradiation modified the
spine density and also the proportions of the maiqgjical subtypes in the dendrites of the dentate
gyrus granule cells and the basal dendrites ofGA& pyramidal neurones, in a time-dependent
manner (Chakraborti et al. 2012). Pathological wlisinces such as vascular damage and
demyelination are late consequences of irradiatiost are likewise revealed by histological
examination (Brown et al. 2005). The primary tasgeif radiation damage include the
oligodendrocytes and the white matter, which suffecrosis (Shen et al. 2012; Valk & Dillon
1991). In our study, the levels of such histopaibmial deterioration, scored semiquantitatively,
were ameliorated significantly by GPC treatmente Thanges in cognitive ability correlated closely

with the histopathological findings indicative tietradio-neuroprotecive action of GPC.
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VI. CONCLUSIONS AND FINDINGS

The investigation of the potential neuroprotectogsulted in the exclusion of the MRP
approach from further research and warranted thi®rpeance of further preclinical examinations
on the kynurenine pathway and with phosphatidyicteotierivatives.

We have carefully examined numerous MRP inhibistisulators, which did not
significantly influence the striatal levels of DAdits metabolites. Although, NGN mildly mitigated
the DA level reduction, this did not reach the ledMesignificance.

We experienced the opposite effect of AP, whichsaderably intensified the MPTP-induced
lethality. The possible explanation of these figdircould involve stimulation of the MRP1- and
MRP2-mediated transport of the protective GSH ogajes which act against toxic agents, or
possibly the enhancement of the oxidative stressezhby the MRP4-mediated efflux of brain uric
acid, which has marked antioxidant activity.

Our next approach to achieve a protective effecthem CNS was the use of different
analogues that play key roles in the kynurenin@way. The analysis of several KYNA analogues
provided a growing body of data concerning theaffef these compounds in mouse models. Our
experiments proved the good tolerability of thegeras, without notable toxic effects. These agents
could therefore be examined in our newly-develogadll-animal model.

Within the neurofunctional examinations on drugetability, particularly the value of an
open-field task could be demonstrated in investgat of locomotor activity and explorative
behaviour.

The partial rat brain irradiation technique that Wwave developed with the human
stereotactic BrainLab system, provides a high-grenj single dose delivery at the same time to 2
animals. It causes a pronounced brain injury inegl@termined volume.

We have also developed a well-reproducible smafiahradiation model for 6 rats that
results in dose-dependent focal brain damage lihtdeone hemisphere.

In addition, a complex and reliable system of exations on functional and morphological
alterations was developed with which the radiatrohiced late changes in the CNS could be
followed in a small-animal model appropriate fovestigations on radiation modifiers.

We have derived a dose—effect curve of radiosertgitvia the MWM test, exhibiting the
effects of differences between 10 Gy dose levete MWM test proved to be the most sensitive
method among the neurofunctional examinations.

Our data have provided experimental evidence oth@nges in cognitive function and histological
deterioration after the irradiation of one hemispta hippocampus and the potential for GPC
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treatment to exert a favourable influence on swants. This study warrants further research on the

protective or mitigating effects of GPC on radiatigjuries.
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EGYETEMI DOKTORI ERTEKEZES — MAGYAR NYELW OSSZEFOGLALO

Kutatdsaink kozéppontjdban a neurodegenerativ rfdyek, a sugarzas-indukalta agyi
karosodasok, illetve ezek esetleges kivédéseneMldtismodellekben tortén vizsgalata all. A
neurodegenerativ betegségeknek és a sugarzasdiadudgyi karosodasoknak szamos kozos
jellemzje van. A sugarzas hatasara kialakulé szovettaniséjtszinti elvaltozasok jeleids
mértékben hasonlitanak a neurodegenerativ folydmatyedményeként manifesztalodé
neurodestruktiv elvaltozasokhoz, sejtpusztulashddindkettore igaz tehat a progressziv
neuronpusztulas, a motoros és kognitiv funkciobafiyatlas. Hasonlésag van, a kévetkezmeénykeént
megjeled, kilonb6d meértéki gyulladasos folyamatok @&brdulasaban is. A neuronpusztulas
kezdetéil az el$, egyértelnd klinikai tiinetek megjelenéséig altalaban évekjzédek telnek el,
amely id alatt a sejtek tulnyomu tébbsége érintetté valik.

A Parkinson-kor (PK) egy progressziv jelleqieurodegenerativ korkép, amelyben a
substantia nigra pars compacta (SNpc) dopamine¥gsajtjeinek pusztuldsa figyeliemeg. A
mitokondrialis komplex | szelektiv gatlasaval leddggessé valik a PK allatkisérletediddzése. Erre
alkalmas vegyulet az 1-methyl-4-phenyl-1,2,3,6aeydropyridine (MPTP), amit a glialis
monoaminooxidaz 1-methyl-4-phenylpyridiniumma (MPRIakit, amely a dopamin transzporteren
keresztil képes a SNpc dopaminerg sejtjeibe jamitt a Iégzési lanc I-es komplexénekkddését
gatolni. A légzeési lanc géatlasanak eredménye mesheilett szabadgyok kéfes, illetve ATP
deplécid, ami rovid idn belll sejtpusztulashoz vezet.

A koézponti idegrendszeri tumorok incidenciaja fohatosan novekszik, a sugarkezelés a
standard komplex terapia elengedhetetlen része pringer, mind szekunder, azaz metasztatikus
agytumorok esetén. Az agy radiogen nekrézisa agmadi tumorok miatt végzett sugarkezelés
sulyos, jelenleg nem kezellbetirreverzibilis sz6dmeénye, az agressziv malignus kodzponti
idegrendszeri tumorok hatékony sugarkezelésénelkdadika A tumort nagy valosZieéggel
elpusztitdé dézis az agy, ill. a gerind¥eViszonylagosan alacsony sugar-tolerancidja miath n
adhat6 le. Amennyiben hatékony neuroprotektiv ggagy allna rendelkezésiinkre, a terapias index
(tumor ellenes hatas/mellékhatas arany) lényegeséhaté lenne.

A kozponti idegrendszerben a triptofan oxidatiiabelizmusa soran keletkémetabolitok
megvaltoztatjak az agyszotvet excitabilitasat. Aaokzerek, amelyek gatoljak a glutamatreceptor-
agonista metabolitok (kvinolinsav), valamint a saddpyok-generalt hatdsokat, potencialisan
neuroprotektiv. hatasuak lehetnek. A kinurénsav (KRYMN-metil-D-aszpartdt (NMDA)-
receptorokon antagonista hatast fejt ki, igy csikke szabadgyok-képdés révéen indukalt

neurotoxikus hatast, amely &®orban a neocortexben, a striatumban és a hippasdrap alakul ki.
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Ezek a régiok a neurodegenerativ betegségek (pheiher-kor, Parkinsor-kér) predilekcios areai.
A KYNA el6-anyaga, az L-kinurenin valamint bizonyos KYNA smazékok &tjutnak a vér-agy
gaton. Ezen vegylletek hatékonyan képesek gatalnagyi sérlléseket kodvethiperexcitaciot,
ezaltal megfelél koncentracioban neuroprotektiv hatasuak, melydbrikib noxak okozta
karosodas csokkentésében sikerilt bizonyitani.dsaikt azok a kisérletes eredmények is, amelyek
arra utalnak, hogy a kinureninek és metabolitjakolyasoljak az agyi véraramlast: vazodilatacios
hatdsuk segitheti a neuroprotektiv folyamatokat.

Kisérleteink célja az volt, hogy olyan reprodukéhapreklinikai allatmodelleket
tervezzink és alkalmazzunk, amelyek segitségév&lilanféle neurotoxikus agensek altal
kivaltott karosodasok kivédésére alkalmas Ossaketv tesztelhetink. Célultuztik ki az
igéretesnek iin6 neuroprotektiv anyagok tolerabilitasanak és egesletoxikus hatasainak
meghatarozasat. Célunk volt bizonyos multidrugsaeincia-asszocialt fehérjek (MRP1, 2, 4 és
5) szerepének vizsgalata az MPTP altal kivaltotiro®xicitasban. Tovabba, hogy a KYNA
amidok viselkedésre gyakorolt mellékhatasait vijsgédneg C57B/6 egértorzsben. Célitiik
ki az ionizal6 sugarzas hatdsara kialakuld korai, k€$i elvaltozasok oOsszefliggéseinek
viselkedésbeli, makro- és mikromorfologiai tanully@réasat, valamint a karosodas
mechanizmusanak befolyasolasaval potencialis maelimoprotektiv. anyagok preklinikai
vizsgalatat, melyek a kélsbiekben alkalmasak lehetnek a klinikai gyakorlatalé kiprobalasra
IS.

C57B/6 egerekben az MPTP akut modellben tértétkalmazasat mededéen és azt
koveten egy héttel naponta intraperitonealisan alkalttaziimarin, naringenin, szulfinpirazon és
allopurinol kezelést kévéen nagy teljesitmériy folyadékkromatografidval mértik a striatalis
dopamin, 3,4-dihidroxifenilecetsav és homovanibims szinteket. A tesztelt MRP
inhibitorok/stimulatorok koézul egyik sem befolyasolszignifikans mértékben a dopamin és
dopaminmetabolitok striatalis szintjét, azonban aringenin kismértékben mérsékelte a
dopaminszint csokkenését, mig az allopurinol nagtékben fokozta az MPTP okozta letalitast.
Ezen eredmények magyarazata egyrészt a toxikugyakyglutation-konjugatumainak MRP1- és
MRP2-medialta transzportjanak stimulalasa altalakott j6tékony hatas, masrészt az agyi urat,
amely jelenés antioxidans hatassal rendelkezik, MRP4-medidftaxa miatt az oxidativ stressz
fokozodéasa lehet.

Szadmos KYNA analdg tesztelése folyt, melynek ségésel egyre tobb adatunk lett ezen
anyagok hatasarél. Nem tapasztaltuk markans toxiktésukat egerekben sem.

Az altalunk kialakitott patkany rész-agy besugéarziéexhnika human sztereotaktikus

BrainLab rendszerben, nagy pontossagu, egyszesldadast biztosit egyidégeg két allat szamara,
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kifejezett agyi karosodast okozva a#rel meghatarozott térfogatban. Ezt kdest kis volumefi
rész-agy besugarzas tortént 10 mm-es foton kolimkidntése utdan 6 MeV energiaju elektron
mezkkel egyszerre 6 allaton. Két lateralis opponalézéwel kétoldali patkany hippocampus
homogén besugarzasat kdvetkut és kronikus hatasok vizsgalatat végeztik.abBnodszer jol
alkalmazhato a sugarhatéas kisérletes tanulmanyezasa

Az MR vizsgélat lehéilvé tette az agyi strukturalis kdrosodasok megjskeneék noninvaziv

Q

vizualizalasat, és a besugarzasi dozis—hatads Vaaga Ennek alatdmasztasara szolgaltak
neurofunkcionalis tesztek, majd végul a szovettarsgalatok. Eredményeink igazoljak a fokalis
agyi besugarzast kovetkognitiv funkcidbeli, illetve szovettani szintelvaltozasok kialakulasat,
valamint az L-alpha glycerylphosphorylcholine (GP&3zelés fenti karosodasokra gyakorolt

kedve® hatasat.



