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[. Introduction

There may be a considerable number of harmful effiecthe background of neuronal
damage, caused by several different diseases aofeiv@us system. These damaging factors
may be traumas, vascular disturbances, physicahétsp(e.g. irradiation), toxic effects,
inflammation and autoimmune, degenerative or tumasiprocesses.

Neurodegenerative diseases are severe disordech \whimarily affect the nervous
system. Since the aetiology and precise pathomesrhaof these diseases are unknown, the
treatment poses a great challenge for basic scemtelinical investigations.

Radiation therapy is an important part of the carpinanagement of primary and
secondary brain tumours. Sadly, the incidence aintilumours has become more significant
over the years, and therapeutic strategies to ptememitigate radiation-induced cognitive
impairment have therefore increased in importance.

There are a number of similarities between neuredertive disorders and radiation-
induced brain injury. Blood-brain barrier (BBB) diption is one of the major consequences
of radiation-induced normal tissue injury (Lee &t 2012) in the central nervous system
(CNS) and disruption of the neurovascular systemidggen proved in most neurodegenerative
disorders too (Lin et al. 2013; Lee & Pienaar 20I4)e main mutual feature is that both
finally lead to neuronal cell death. The loss afino@es is progressive and irreversible, but the
temporal appearance of the consequences may difgiderably. The time which passes
from the initiation of neuronal cell death to thgpaarance of clinical symptoms can vary
somewhat,but a period of decades generally passes beforevarwhelming number of
neurones are affected (Bredesen et al. 2006).ninflation with varying degrees of severity
can be observed in both cases (Flood et al. 20h&an#elwal et al. 2011; Moore et al. 2013).
The other important similarity is the impairmenthadth motor and cognitive functions. The
functional and morphological changes often coexidbwever, their distinction can be
difficult, and the detection of molecular, cellumd microanatomic changes help to unravel
the puzzle and facilitate an understanding of oegsses in the background of the disorders.

In the present work, we chose to examine PD, arpssgye disorder with functional
abnormalities that lead to dementia. The behaviogtanges, loss of memory, and
histological and cellular disturbances caused bgdiation strongly resemble the changes
caused by neurodegenerative processes. In botk, dase essential to make use of small-
animal models in order to perform complex investages, including neurofunctional and

morphological examinations, with potentially newatpctive, radio-neuroprotective agents.



For these reasons, in the present work we invdstigthese two at first sight not closely
related topics, neurodegeneration and radiationaed brain injuries, in light of the fact that
neuroinflammation and impairment of the BBB maywada both.

l.1. Parkinson’s disease

PD is the second most common progressive neurodegjere disorder after AD
(Tanner & Goldman 1996). Despite intensive reseatich distinct cellular and molecular
pathomechanism of PD remains largely unclear. hvédl known that impairment of the
mitochondrial respiratory chain at the level of gbex | plays a pivotal role in the
pathomechanism (Reichmann & Riederer 19B8)TP is a neurotoxiprecursor to the
complex | inhibitorMPP’, which selectively destroys the dopamine (DA)-ergic neasoin
the SNpc in human and non-human primates, witrsaltieg decline in striatal DA content
(Dauer & Przedborski 2003).

|.2. Radiation-induced brain damages

Radiation-induced brain injury is a severe, unablg and irreversible complication of
radiation-treated (RT) malignant brain tumours gmevents the effective treatment of
malignant CNS tumours. There is cumulative eviddncehe literature that the same factors
may play roles in the pathomechanism of both mieltgelerosis (MS) and radiation-related
injuries of the brain. In both cases, axonal damagd necrosis are the main features
responsible for the neurological disabilities areti®is consequences of irradiation. The
causes and pathogenesis of axonal damage in M$aendadiation injury are still obscure,
but there is a growing body of information indicafti that both inflammation and

demyelination may play a major role in the prod@ss et al. 2013).

|.3. Therapeutic approaches

Recent investigations have attracted attentiorhéoroles of the dysfunction of the
BBB and the blood-cerebrospinal fluid barrier (BBJFHn neurodegenerative disorders.
Passage across these barriers is modulated bynceeasport proteins and pumps. Many of
the efflux pumps belong in the adenosine triphosh@TP)-binding cassette (ABC)
transporter superfamily (van Veen & Konings 1998)humans, certain ABC transporters are
principal causes of resistance of cancers to chsmapy and are involved in cystic
fibrosis and a range of other inherited human disgalncreasing attention has recently been
paid to the role of MRPs or human ABCCs in neurmaldisorders (Dallas et al. 2006). The



data obtained from studies using murine modelseoiradegenerative diseases, such as AD
(Krohn et al. 2011), suggest that MRPs may playngportant role in the neurodegenerative
process too. However, there are only a few argusniantavour of the involvement of MRPs
in PD pathogenesis (Le Couteur et al. 2001). The deailable data as regards the role of
MRPs in PD led us to investigate the possible ra@ésvIRPs in the neurotoxicity of
MPTP/MPP. As there are no specific and selective inhibiturstimulators of MRPs that are
available forin vivo andin vitro studies, we applied SIL as an inhibitor of MRPIRRE,
MRP4 and MRP5, NGN as a stimulator of MRP1, MRP& BRP4, SP as an inhibitor of
MRP1, MRP4 and MRP5 and a stimulator of MRP2, aRda& an MRP4 stimulator.

Thereafter knowing that the overactivation of ettty amino acid (EAA) receptors
plays an important part in the pathomechanism gtrs¢ neurodegenerative diseases, we
would have been like to investigate the EAA recepittagonist kynurenic acid (KYNA) and
its novel synthetized derivatives.

Following complex research, the dose of 40 Gy afmllaw-up time of 4 months are
suggested for investigations on neuroradiation frexdi First of all it was the water-soluble,
deacylated phosphatidylcholine derivative L-alphagrylphosphorylcholine (GPC), which

could improve both the cognitive functions and lgmning and memory capacity.

[l. Aims

The aims of our studies were:

(i) an assessment of the roles of certain MRP&,(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 technidoepartial brain irradiation and to set up a
small-animal model of ionizing radiation-induceaiorinjury;

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

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

(vi) to apply the model to investigate potentialiedion-induced brain injury modifiers.



lll. Materials and methods

[11.1. Drugs

Naringenin (NGN), silymarin (SIL), sulfinpyrazoneSR), allopurinol (AP), sesame oil,
MPTP, DA hydrochloride, 3,4-dihydroxyphenylaceticich (DOPAC), homovanillic acid
(HVA), sodium metabisulphite and sodium octylsulighavere from Sigma-Aldrich Hungary
Ltd. (Budapest, Hungary). Perchloric acid, disodiethylenediaminetetraacetate (EDTA),
sodium dihydrogenphosphate, acetonitrile and pharsplacid 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-dimegtaminopropyl)-4-oxo-1H-
guinoline-2-carboxamide hydrochloride (KYNA-2) aNd(2-N-pyrrolidinylethyl)-4-oxo-1H-
guinoline-2-carboxamide hydrochloride (KYNA-6)) weemprepared from KYNA and the
appropriate amine by using N,N-diisopropylcarbodiienas coupling reagent.

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

[11.2. Behavioural studies

Open-field

The spontaneous locomotor and exploration acts/itieere measured by an automated
tracking system with an activity chamber. The optatk box was connected to a computer
which recorded the inquisitive behaviour and locton@ctivity of the animal. Each animal
were placed individually at the centre of the bé& k 48 x 40 cm), which was equipped with
automated infrared photocells for measurementsalladed to move spontaneously for 5 (in
the case of mice) or 15 (in the case of rats) nemulhe tests were performed at the same
time of day so as to minimize changes due to thendl rhythm. The movement signals were
analysed by Conducta 1.0 (Experimetria Ltd, Budgpdsingary) software. The analysis
resulted in a track record; the locomotor activityts expressed as the total distance moved
(cm) in a predetermined period of time, the timgsns in movement and at rest (s), the mean
velocity (cm/s), and the frequency and durationeafing.

In the course of the studies of the behaviouradot$f of KYNA analogues, the mice were
examined 2 h after the first treatment (acute), trath on the last day (day 9) of treatment
(chronic). In this case, the ambulation time, threamvelocity, the local time and the number
of rearings were evaluated. In the other experigjelats were tested every 2 weeks and the

ambulation distance, velocity, immobility time aregring count were assessed.



Morris water maze test

The MWM protocol of Vorhees and Willams (Vorheesdawilliams 2006) was used,
visuospatial cues being provided to guide the alsinmatests of hippocampal memory. The
MWM consisted of a cylindrical white tank with aadieter of 175 cm and a height of 50 cm,
containing liquid made opaque with a non-toxic wtdie. The tank was filled with water up
to 32.5 cm and maintained at 21-24 °C. The pooldinaded into four equal quadrants, and a
removable transparent Plexiglas platform (10 cndiameter) that could not be seen by the
swimming rats was hidden at the centre of one efgadrants, with its top 1 cm below the
surface. The platform provided the only escape ftbenwater.The position of the platform
was constant throughout the 3-day acquisition perPictures fixed permanently on the
surrounding walls served as distal navigation doesnable the rats to locate the platform.
The distinctive visual cues remained constant tijinout the entire course of testing. The first
two days were acquisition or training days, andtés was performed on the third day. The
training period consisted of 4 trials per day vatb-min inter-trial interval. Each trial began
with the rat in the pool and ended when the rahdbthhe platform or after 120 s. If the animal
failed to locate the platform within 120 s, it wgisided to the platform manually. Once on the
platform, the rat was allowed to rest for 10 swiéts then towel-dried and placed in an inter-
trial holding cage where a heating source was pgeavito maintain the animal’'s body
temperature during the inter-trial interval. Duritige acquisition phase, measurements were
made of the time (s) and the path length (cm) ta&dacate the platform. This site navigation
test was performed once before the irradiationsrasequently once in the third and once in

the fourth month.

[11.3. Animal model of PD

Animals

The procedures utilized in this study followed thedelines of the European Communities
Council (86/609/ECC) to minimize animal sufferingdawere approved in advance by the
Ethics Committee of the Faculty of Medicine, Unsigy of Szeged. Six-week-old C57B/6
male mice (weighing between 18 and 23 g) were uBlkd.animals were housed in cages (at
most 5 per cage) and maintained under standardaimvg conditions, with tap water and
regular mouse chow availaldd libitiumon a 12 h light-dark cycle, at 21+1 °C and 50+10%
humidity.



Treatments

Four groups of mice were used in the first 4 expental set-ups for the assessment of the 4
substances. The first 2 groups of mice receivednjpctions of SIL (100 mg/kg/day;;#8,
np=9), NGN (100 mg/kg/day; w7, n=7), SP (100 mg/kg/day;1n8, n=9) or AP (60
mg/kg/day; r=10, n=10) respectively, once a day, at the same timk dag for one week.
The second 2 groups of mice received sesame od Yiolume of 5 ml/kg; $8, n,=8; =7,
ns=7; =8, \=9; ny=6, k=10) in the same treatment regime. On day 8 okekperiments, 1

h after the regular daily injections, the second &urth groups received i.p. injections of
MPTP (15 mg/kg) 5 times at 2 h intervals (totalatps 75 mg/kg). The first and third groups
received 0.1 M PBS (in a volume of 5 ml/kg) in 8ane treatment regime. From day 9, the 4
substances were further administered once a dagrfother week, with the corresponding

control injections, according to the treatment megdetailed above.

Sample preparation and chromatographic conditions

Eight days after toxin administration (day 16 c# #xperiment), all the mice were decapitated
and the brains were rapidly removed and placedmoitexcooled plate for dissection of the
striatum. After dissection of both striata from foeebrain block, these were stored at =70 °C
until further sample processing. In the next sthp, striata were weighed and then manually
homogenized in an ice-cooled solution for 1 miminomogenization tube. The content of the
homogenization tube was centrifuged at 10,000 g lformin at 4 °C. Thereafter, the
supernatant was stored at =70 °C until chromatdugcapnalysis. DA and its metabolites,
DOPAC and HVA, were analysed by reversed-phasentatmgraphy, using an Agilent 1100
high-performance liquid chromatography (HPLC) systeombined with a Model 105

electrochemical detector under isocratic conditions

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

Animals

Behavioural experiments were carried out on 6-wadk€57B/6 male mice (n=60). The
animals were kept under controlled environmentaldiions at 22+2 °C under a 12-h light-
dark cycle. Food and water were availabtelibitum. The local Animal Ethics Committee
had approved all experiments. The care and uséedkexperimental animals were in full
accordance with the 86/609/EEC directive.



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 wadjusted to 6.5 with 1 N NaOH). For
comparison, KYNA-2 or KYNA-6 in equimolar dosagdiggwise in a volume of

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

In behavioural experiments, the mice were treatetkdin acute experiments) or for 9 days

(in chronic experiments) according to the regimiitked above.

[11.5. Small-animal model of irradiation

Animals

Experiments were performed on 57 adult Sprague-BaWEPRD) male rats, weighing on
average 210 g (range 176-280 g). The animals weresed in a climate-controlled
environment (25 °C) maintained on a 12 h light/1@ahk cycle and were allowed free access

to food and water.

Dosimetry of small electron field and irradiation

In order to verify the dose depth curve, the figtdfile and the lateral dose fall-off of the 2, 4,
6, 8, 10 and 12 mm electron collimators, we meaktire absorbed dose of a 6 MeV electron
beam irradiating at a dose rate of 300 monitorsufMU)/min in a water phantom. Thus, for
evaluation of the dose distribution, the 90% an% 7€odose levels were superimposed on the
image of the skull, aligned with the approximatealton of the general rat brain structures.
Two prone adult male SPRD rats placed nose-to-mo#ige irradiation position, with earpin
fixation, were imaged in the Emotion 6 CT scanmeorider to obtain three-dimensional (3D)
anatomical information for planning of the radiatigeometry. A 6 MeV lateral electron
beam at a 100 cm source-to-skin distance (SSD)chvasen because it has a sharp dose fall-
off with depth, confining the radiation dose defiweto the defined volume of the
hippocampus, including the corpus callosum of gs#lateral hemisphere. The planned doses
were delivered in a single fraction by means ahedr accelerator, to the following groups of
animals: 120 Gy (n=3), 110 Gy (n=3), 100 Gy (n#8),Gy (n=6), 80 Gy (n=3), 70 Gy (n=6),
60 Gy (n=3), 50 Gy (n=6), 40 Gy (n=12) and sharadrated (n=12). The irradiation dose
rate was 300/900 MU/min and de-escalated dosesngufiggm 120 to 40 Gy were applied,

with 3—12 animals per dose level.



Magnetic resonance imaging (MRI)

Sixty rats underwent 72 MRI procedures prior tadefl9 weeks after irradiation. Randomly
selected animals from each irradiation dose levalewexamined by means of 1.5 T MRI,
using a human head coil with a home-made styrofbaltier containing 6 animals under i.p.
chloral hydrate anaesthesia. No contrast agentused for the MRI images. Twelve animals

underwent 3 MRI examinations, at baseline, at rardatand prior to histology.

Histopathology

Rats were anaesthetized with 4% chloral hydrate @erfused transcardially with 0.1 M
phosphate buffer solution (pH 7.0-7.4) before thaye fixed with 4% paraformaldehyde
buffer solution (pH 7.0-7.4) at 4 °C. The brainsrevalissected out and postfixed in
paraformaldehyde for 1 day before being embeddquhraffin. Serial 3Qtm-thick sections
were cut with a vibratome. Sections were staingtl WI&E for histologic evaluation; for the
demonstration of demyelination, Luxol fast blueirstey was used. All analyses were
performed blindly, using coded sections. Evaluaiamre carried out with a semiquantitative
method, independently by 2 experienced histopagistie

l11.6. Application of GPC in the small-animal model of partial brain irradiation

Treatment

A total of 24 adult (6-week-old) male SPRD rats evased in these experiments. The 40 Gy
dose level was selected for the investigation afroyrotection. Rats (weighing from 180 to
220 g) were anaesthetized (4% chloral hydrate, LG8l g, i.p.) and placed in the prone
position, using laser alignment. The dosimetryhw small electron field and the method of
irradiation were the same as previously. The folhmgagroups of animals participated in the
experiment: a sham-irradiated control (CO) group6(n an only GPC-treated (GPC) group
(n=6), an RT group (n=6), and a both GPC-treatedl imadiated (GPC+RT) group (n=6).
Beginning from 1lweek before the day of irradiation, the rats ree@iGPC (50 mg/kg bw,
dissolved in 0.5 ml sterile saline, administereddayage) or the vehicle at the same time

every second day for 4 months.

Histopathology
The preparation for and conductance of the histappat)y were the same as reported above.

Sections were analysed under an Axio Imager.Z1t Iigicroscope, and photomicrographs



were taken with AxioCam MR5 camera equipment. Rigihotos were analysed with the aid
of Image-Pr8 Plus 6.1 software. All analyses were carried dintdby on coded sections by 2
independent histopathologists. The examined paemend the scoring system were not

altered.

[11.7. Statistical analysis

All statistical analyses of HPLC measurements wesdormed with the help of the SPSS
Statistics 17.0 software. We first checked therithgtion of data populations with the
Shapiro-Wilk W test. We then performed the Levesst for analysis of the homogeneity of
variances. The 4 groups in each set of the 4 aexpats were compared by using one-way
measures of analysis of variance (ANOVA) followed & Bonferronipost hoc testor by a
Games-Howelpost hoc test. The null hypothesis was rejected when thevel was <0.05,
and in such cases the differences were considaggedicant. Data were plotted as means (+
standard error of the mean (SEM)) in the graphs.

For statistical evaluation of the data in the bétaal tests and histopathology, one-way
ANOVA was used, followed by Fisher's LSist hoc test with StatView 4.53 for Windows
software. These data were expressed as means+SBMdislof statistical significance in the

behavioural tests were taken a®®5 and g0.01.

IV. Results

IV.1. Detection of catecholamines

We first tested the effects of pre- and post-trestimwith SIL on the MPTP-induced
significant changes in striatal DA, DOPAC and HVavéls. The SIL treatment did not
influence these alterations appreciably. The NG&attnent did not significantly alter the
reductions caused in the striatal DA and DOPAC lewsy MPTP administration, a slight
lessening of the DA decrease was observed. Inetkperiment, the HVA levels were not
altered significantly at all. The SP treatmentwiad influence the MPTP-induced changes, but
slightly increased the MPTP-caused lethality in enit of the 10 mice died in the MPTP-
treated group, whereas 3 died in the SP- and MRFPeated group. In the last set of
experiments, we tested the effects of pre- and-fpeatment with AP on MPTP toxicity. In
this set of experiments, MPTP administration cawsegdificant reductions in the striatal DA,
DOPAC and HVA levels as compared with the CO valédthough the AP treatment did not
influence the MPTP-induced changes significanttyconsiderably increased the MPTP-
caused lethality in mice, as 1 of the 10 mice dneelach of the AP- and MPTP-treated groups,
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whereas 7 died in the AP- and MPTP-co-treated grtiug also important to mention that
none of the tested compounds themselves altered@hkevels of DA, DOPAC and HVA.

IV.2. Behavioural performances of animals treated wh KYNA analogues

Four of the newly synthetized KYNA amides were fiert investigated in behavioural
experiments.Open-field observations were made on 5 groups @mhas: a CO group
(injected with saline), and KYNA-1, KYNA-2, KYNA-Gr KYNA-11-treated groups. In
acute behavioural experiments, the animals weggelewith saline (CO) or KYNA amide
analogue 2 h prior to the behavioural observatiatnle chronic treatment was administered
on 9 successive days, with observations on day®after the final injection. The animals
treated with one or other KYNA amide analogue dad differ greatly in behaviour from
those that received the saline vehicle. The amiounlditme, the mean velocity and the number
of rearings did not exhibit highly significant diffences in most cases. Although the
ambulation time was somewhat decreased after KYllA&dministration, the changes were
not significant. The mean velocities were nearky $lame in each group. Significant changes
in performance were observed only in the numbergarfings. Both KYNA-1 and KYNA-11
decreased the number of rearings in the acute iexpets, and KYNA-11 did so in the

chronic experiments too.

IV.3. Results of small-animal irradiation

The morphological and functional changes were etatliat dose levels in the range 90-40
Gy: outside this dose range, either lethal or serevents (120-100 Gy) or no changes (doses
<30 Gy; data not reported here) occured duringath@ost 4-month post-irradiation follow-
up period. At the highest dose (120 Gy), all of @mémals underwent a rapid severe general
and neurofunctional decline and died or had to uibamized between 25 and 40 days after
the irradiation. The rats irradiated at the 110 @yse level survived longer, but also
deteriorated between 30 and 50 days post-irradiafo the lower dose levels, there were no
signs of a general impairment; the weight gainingatbabits and daily activity did not differ
from those of the control rats. All the RT animasffered hair loss from the site

corresponding to the beam entrance within 30 dalj®#ing the irradiation.

Neurofunctional observations
In the early monitoring, significant differencestime spontaneous locomotor activity of the

rats irradiated at 90—40 Gy were not detected thi¢hopen-field test, but the motor function
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began to decline slightly 8 weeks after irradiatiath the 90 Gy dose. The rearing count was
significantly reduced in the groups that receiv€d-@ Gy. The time at which the rearing
activity started to diminish was dose-dependentvds 40-55 days post-irradiation after the
90 Gy dose (mean+SEM, p<0.05). The animals thatived 120 Gy died before marked
changes could be seen in this parameter.

The MWM test was found to be a highly sensitivel foo the detection of a neurofunctional
impairment. A relevant memory deterioration wasdt&td soon after the dose delivery at the
70 Gy dose level and the difference increased viitie (p<0.001). A significant cognitive
deficit was also observed 8 weeks after the irtamhain the group treated with 60 Gy
(mean+SEM, p<0.05). The commencement of the imgitnof the learning-memory
function proved to be dose-dependent; in the grawpdiated at 50-40 Gy, the first sign of
deterioration was detected 30 days post-irradiatiod the difference relative to the CO

animals was more pronounced after 90 days.

MRI findings

Serial MRI records demonstrated structural damagthe form of cavity formation in the
cortical region, with extensive perifocal oedemdjichi generally appeared 2—4 months
following irradiation. We performed the first pastadiation MRI after 4 weeks in the
majority of the cases, since our aim was to ingesti late effects. 120 Gy resulted in a
serious deterioration within 4 weeks in all ratecéalizedradiation-induced cystic necrosis
began to appear at approximately 4-8 weeks paati@tion in one hemisphere of rats
irradiated with 120-60 Gy; after a lower dose, streictural changes emerged later, 19-24
weeks after irradiation, in the T2-weighted (T2Whages of the ipsilateral hemisphere, in

both the coronal and the sagittal plane.

Histopathological evaluations

No signs of necrosis, i.e. neither reactive gliosisr any of the other examined
histopathological categories, were seen on the K&iired slides of the CO animals and the
non-irradiated regions of the brain of the RT argndhe following parameters correlated
closely with the high (120-90 Gy), medium (80—-60) @i low dose (50-40 Gy) level in the
irradiated region of the brain: reactive gliosiaseularization, macrophage density, necrosis
and calcification. No significant dose dependen@s wetected as concerns the extent of
haemorrhage. The dose >90 Gy groups displayed esenemrosis that reached the grey and

white matter, causing severe demyelination, witstrdetion of the fibres. The levels of
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necrosis, reactive astrogliosis and calcification dhe density of the foamy macrophages
were markedly elevated in these groups as compeitedhe CO animals. The extent of the
haemorrhage was significantly higher than for thiileep RT animal groups. Severe-to-
moderate necrosis was seen in the 80-60 Gy grauissevere-to-moderate demyelination,
but the fibres could mostly be detected. In congmeriwith the control group, significant
correlations were detected in the following categr necrosis, macrophage density,
vascularization, calcification and reactive glioddoderate haemorrhage was observed in the
animals irradiated with the 80 Gy dose. In the %0&Y groups, mild-to-moderate necrosis
was detected, with mild-to-moderate demyelinat®ignificantly increased levels of necrosis,

vascularization and reactive astrogliosis were skkd calcification occurred.

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 @@ groups did not reach the level of

statistical significance.

MWM test

After the 40 Gy irradiation, significant, time-réda changes in learning ability were detected
in both the RT and GPC+RT groups, but these chamge significantly reduced in the
GPC+RT group. The first sign of deterioration wasedted 90 days post-irradiation and the
difference relative to the CO animals was more pumeced after 120 days (p<0.001). A
relevant memory impairment was detected in the ROy after 120 days, and a significant
cognitive deficit was also observed in the GPC+R®bug relative to the CO group
(p=0.0025). Despite this, there was a significanekoration after GPC management, which
reduced the latency of target finding relative twe tRT group (p=0.012). The GPC
ameliorated the memory of the animals and shortémethtency time of platform finding.

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 necrosisnegher reactive astrogliosis, nor any of the
other examined histopathological categories. In itnadiated region of the brain, the

following parameters correlated closely with the @9 dose level: necrosis, macrophage
density, reactive gliosis, calcification and denmyation. The RT group displayed moderate

necrosis that reached the grey and white matteisimg demyelination, with destruction of
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the fibres. The grades of reactive astrogliosis ealdification, the density of the foamy
macrophages and the degree of demyelination wkesggalficantly elevated in the RT group
as compared with the CO animals. Marked protecéffects of GPC were detected as
concerns the macrophage density (p<0.001), reaetsteogliosis (p<0.001), calcification
(p=0.012) and the extent of demyelination (p=0.035)

V. Discussion
V.1. The role of MRPs in the MPTP-induced neurotoxaity

The aim of our study was to assess the effectsedhioc compounds which can
modulate the function of MRPs expressed on the BBB BCSFB (MRP1, 2, 4 and 5) on
MPTP toxicity in C57B/6 mice. Two of these composn®&IL and NGN, are well-known
flavonoids (Ross & Kasum 2002), which have alrebdgn tested in certain toxin models of
PD, but not in the MPTP model. SIL, which is knowmexert complex pharmacological
action (Saller et al. 2007) including MRP inhibifmoperties, is capable of the attenuation of
maneb- and paraquat-induced lipid peroxidationd®ah et al. 2011). However, in our study
SIL did not alter MPTP-induced neurotoxicity. Theason for this difference would be that
maneb and paraquat were applied in a chronic tegatmegime twice a week for 9 weeks,
which presumably caused less harm than that inttlely applied acute MPTP moddlhe
other flavonoid, NGN, with MRP1, MRP2 and MRP4 gsilator properties, was moderately
protective against 6-hydroxy-DA-induced neurotowi@s it significantly attenuated the loss
of DAergic neurones and the decrease in striatal Brels (Zbarsky et al. 2005).
Accordingly, in our study NGN treatment causedighs] but not significant preservation of
striatal DA content. In contrast with the abovev@laoids, the effects of SP have not been
tested in toxin models of PD. Although it did noppaar to affect the striatal DA
concentrations in our study, it slightly increaseel MPTP-caused lethality in C57B/6 mice. It
should be mentioned here that SP can reduce senatmlavels through its uricosuric effect.
In a previous study, oral high-dose administrabbthe xanthine oxidase inhibitor and MRP4
stimulator AP resulted in a decreased level ofgyrahich may have an important role in the
neuronal antioxidant pool in the striatum, but dat affect the DA level in rats (Miele et al.
1995; Desole et al. 1996). Accordingly, in our $tWP considerably enhanced the MPTP-
caused lethality, but the striatal DA content wassprved in the survivors. The main
explanation for the potentiation of MPTP toxicity B\P would be the decrease of urate

concentration by the inhibition of xanthine oxidastowever, an enhanced transport by
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MRP4 would also accompany the depletion of uratende, a decrease in serum urate level
would accompany the progression of PD (Sun et(dl2p

In conclusion, these data indicate that the depietf urate augmented by MRP4
stimulation increases, while the stimulation of MRPr 2-mediated transporters (probably

GSH-conjugated toxic substances) slightly atterdiBtBTP-induced neurotoxicity.

V.2. Effects of some KYNA analogues

It was important that KYNA-1, which had proved negmmotective in several models
(Marosi et al. 2010; Knyihar-Csillik et al. 2008nd partially inhibited NMDA-mediated
synaptical transmission in the hippocampus, did imoluce significant changes in the
behaviour of the tested animals. The results coweftr that none of the studied KYNA
derivatives induced major changes in the behavafuhese animals. Only the number of
rearings was reduced somewhat after KYNA-1 or KYMNA-administration. Moreover, as
KYNA-1 did not significantly influence the behavi@l performance in the open-field arena,
KYNA-1 treatment does not appear to have any ajgdrexside-effects.

V.3. 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 branats, similarly to human brain tumour
radiotherapy, as recommended by others (Kalm @0&B). It allows the investigation of a
maximum of 6 small animals simultaneously and caosesr a reproducible experimental
model for quantification of the functional and miogogical changes occurring due to
radiation-induced focal brain damage within a readte time frameéWe performed a dose-
de-escalation from 120-40 Gy in 10 Gy steps. Thephmogical and functional changes
detected were clearly related to the radiation dod$e 2-weekly assessment of open-field
tests did not reveal any behavioural alteratiomriafsom the rats irradiated at 120-110 Gy,
which displayed an obvious deterioration. Only th@nges 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 our experiments, the slighanges in locomotor activity can be
explained by the short time frame of the open-figlsts. These revealed that the effects of
relevant damage in the motor cortex start to becobservable 8 weeks after irradiation,
which corresponds well to the development of aeversible human focal brain injury
(Huang et al. 2009, Caceres et al. 2010). The M\E#1 is widely used for the detection of

neurofunctional impairments (Shi et al. 2011). lar onodel, the memory decline first
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appeared between 30 and 120 days after the in@aiatlearly depending on the dose
delivered. The behavioural impairment correlateasely with the morphological changes
detected by MRI and histology. The radiation-induceorphological changes demonstrated
by repeated MRI scans correlated well with the dtse duration and location of the lesion
(Brisman et al. 2003). Single doses of 150 Gy o0 1By produced necrosis in the
hippocampus within 1-3 months (Liscéak et al. 2082) 75 Gy caused a focal brain lesion
within 3—6 months (Jirak et al. 2007). At doseshkigthan 60 Gy, necrotic changes started to
appear within 6 months (Brisman et al. 2003), abdn®nths after lower doses, such as 25-50
Gy, delivered to the right frontal lobe of rats, Méhanges were demonstrated in relaxation
times T1 and T2 (Ishikawa et al. 1999)Ve set out to perform simultaneous MRI
examinations on 6 rats with the available 1.5 Ticeevand a human brain coil in order to
detect and follow up the necrotic changesvivo, and to optimize the time point of
histopathologic examinations. The H&E slides showet the irradiation was localized to a
defined small brain volume and the effects in thenals were well reproducible: the damage
appeared only in the irradiated region. Significaatrelations were detected between the
radiation dose and the degree of necrosis, theepces of foamy macrophages, the
vascularization and the calcification. Previousdsts have indicated that histopathological
structural changes involving a decrease in thereetiber and demyelination can be expected
in the dose range 50-100 Gy (Ernst-Stecken et @D72 With such doses, our
histopathological analysis revealed measurable & mm necrotic lesions with cysta ex
emollition, haemorrhage and a reactive cellulapoese. In confirmation of earlier data

(Kumar et al. 2012), the severity of the radiatitamage was strictly dose-dependent.

V.4. Testing radiation injury and potential radiation modifiers

Our earlier study of the dose-response relationsigigated that the chosen model is
relevant for studying various aspects of healthairbprotection (Hideghéty et al. 2013).
In our present investigation, this method reveaegromising ameliorative effect of GPC,
which can be explained by its role in preserving ¢kll membranes and cognitive functions
in the CNS Choline and choline-containing phospholipids sashGPC display mainly a
cholinergic profile, interfering with phospholipidbiosynthesis, brain metabolism and
neurotransmitter systems, and are responsible &mtenning the cell membrane integrity and
are also precursors of the neurotransmitter adetitee, which is involved in a number of
brain processes, including learning and memory d€bati et al. 2013). After oral

administration, GPC can cross the BBB and reachGNS&, where it can exert beneficial
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effects in the treatment of the sequelae of cognitisorders and cerebrovascular accidents. It
can incorporate into the phospholipid fractionlté heuronal plasma membrane and can also
increase the levels of production and release efylholine in the brain (Tayebati et al.
2013). Our study clearly illustrates the protecteféects of GPC at both functional and
morphological levelsThe cognitive dysfunction resulting from irradiatican be examined
by different methodsThe MWM has been found to be a highly sensitivé tomothe detection

of a neurofunctional impairmer{Shi et al. 2011; Yoneoka et al. 1999he MWM task
clearly demonstrated the effects of GPC on the imgrknemory and long-lasting reference
memory of rats after irradiation at a 40 Gy doseelethe differences in learning ability
between the RT and CO groups becoming more promousi€ time passed.

An earlier analysis of the histological changes tedthe finding that brain irradiation
modified the spine density and also the proportiohshe morphological subtypes in the
dendrites of the dentate gyrus granule cells aredbtisal dendrites of the CA1 pyramidal
neurones, in a time-dependent manner (Chakrabiogl. €012). Pathological disturbances
such as vascular damage and demyelination arectatsequences of irradiation that are
likewise revealed by histological examination (Browt al. 2005). The primary targets of
radiation damage include the oligodendrocytes &edvihite matter, which suffer necrosis
(Shen et al. 2012; Valk & Dillon 1991). In our syudhe levels of such histopathological
deterioration, scored semiquantitatively, were @onaled significantly by GPC treatment.
The changes in cognitive ability correlated clos&hth the histopathological findings

indicative of the radio-neuroprotecive action ofGP

VI. Acknowledgements

| would like to thank Professor Laszl6 Vécsei, Memiof the Hungarian Academy of
Sciences, Head of the Department of Neurology, ehsity of Szeged, for the opportunity to
work in his laboratory and for his valuable sciBatadvice. | would also like to express my
gratitude to my supervisor, Péter Klivényi M.D.,.Bh for his scientific guidance. Many
thanks are due to Katalin Hideghéty M.D., Ph.D.sdsate Professor at the Department of
Oncotherapy, University of Szeged, for her scientifdvice, her continuous support of my
research activities and her sustained trust in me.

| wish to thank all those co-workers with whom Hpemed the experiments, amrdpecially
Dénes Zadori M.D., Ph.D. and Tundékes B.Sc., Ph.D.



17

| would like to acknowledge the technical assistaottValéria Széll Vékonyné, Andrea Toth,

Imola Man and Emilia Rita Szabé.

| wish to express my special gratitude to my fanalyd friends for their endless support

during my work.

Original publications directly related to the PhD thesis

Plangér |, Zadori D, Szalardy L, Vécsei L, Klivényi P. (2018ssessment of
the role of multidrug resistance-associated prst@mMPTP neurotoxicity in
mice. ldeggydgyaszati Szemle 66: 407-414

IF: 0.348

Nagy K, Plangar I, Tuka B, Gellért L, Varga D, Demeter |, Farkas Tis K&,
Marosi M, Zadori D, Klivényi P, Fulop F, SzatmariMécsei L, Toldi J. (2011)
Synthesis and biological effects of some kynurexid analogs. Bioorganic &
Medicinal Chemistry 19:7590-7596.

IF:2.921

Kalincsak J, Farkas R, KovacsAadi M, Bellyei Sz, Weiczner R, Sebestyén
Zs, Plangar |, HideghétyK. (2013) Single dose irradiation of defined regufn
rat brain with stereotactic BrainLab system. Ideggaszati Szemle (ahead of
print)

IF: 0.348

Hideghéty K,Plangar I, Man |, Fekete G, Nagy Z, Volford Ggkés T, Szabd E,
Szab6 Z, Brinyiczki K, M6zes P, Németh I. (2013)vBlepment of a small-
animal focal brain irradiation model to study rdutia injury and radiation-injury
modifiers. International Journal of Radiation Bigyo89:645-655.

IF: 1.895

Plangar |, Szabo ER, ®kés T, Man |, Brinyiczki K, Fekete G, Németh IB,
Ghyczy M, Boros M, Hideghéty K. (2013) Radio-neunpctive effect of L-
alpha-glycerylphosphorylcholine (GPC) in an expemtal rat model. Journal of
Neurooncology (under review)

Total impact factor5.512




18

Publications not directly related to the thesis

VI.

VII.

VIII.

Tékés T, Varga G, Garab D, Nagy Z, Fekete G, Tubqglylangar I, Man I,
Szab6 RE, Szabé Z, Volford G, Ghyczy M, KaszalBaros M, Hideghéty K.
(2013) Peripheral inflammatory activation after gopampus irradiation in the
rat. Int J Radiat Biol (ahead of print)

IF: 1.895

Torok R, Torok N, Szalardy IRlangar I, Szolnoki Z, Somogyvari F, Vecsei L,
Klivenyi P. (2013) Association of vitamin D receptgene polymorphisms and
Parkinson's disease in Hungarians. Neuroscienderkdi51: 70-74.

IF: 2.026

Szalardy L, Zadori DPlangar I, Vecsei L, Weydt P, Ludolph AC, Klivenyi P,
Kovacs GG. (2013) Neuropathology of Partial PGCBEficiency Recapitulates
Features of Mitochondrial Encephalopathies but NbtNeurodegenerative
Diseases. Neurodegenerative Diseases 12: 177-188.

IF: 3.056

Plangar |, Majlath Z, Vecsei L. (2012) Kynurenines in cogretfunctions: their
possible role in depression. Neuropsychopharma@oldgngarica 14: 239-44.

Vecsei L, Plangar |, Szalardy L. (2012) Manipulation with kynurenines:
possible tool for treating neurodegenerative disgafxpert Review of Clinical
Pharmacology 5: 351-3.

Plangar |, Zadori D, Klivényi P, Toldi J, Vécsei L. (2011) ibeting the
kynurenine pathway-related alterations in Alzheimedisease: a future
therapeutic strategy. Journal of Alzheimers Diseakel 99-2009.

IF: 3.745

Zadori D, Klivényi P, Plangéar |, Toldi J, Vécsei L. (2011) Endogenous
neuroprotection in chronic neurodegenerative desardwith particular regard to
the kynurenines. Journal of Cellular and Molecii@dicine 15: 701-17.

IF:4.125

Plangar |, Zadori D, Klivényi P, Toldi J, Vécsei L. (2009)h& role of the

kynurenine pathway in neurodegeneration and neategiton Publication of the
Preceedings of the 7th International Congress ernntiprovement of the Quality
of Life on Dementia, Parkinson’s disease, Epilepsd$, and Muscular Disorders



19

and Neuroethics. Bologna: Medimond Monduzzi Editpge 21-26Thessaloniki,
Greece.

Varga H, Pardutz A, Vamos PJangar |, Egyud E, Tajti J, Bari F, Vecsei L.
(2007) Cox-2 inhibitor attenuates NO-induced nN@Srat caudal trigeminal
nucleus. Headache 47: 1319-25.

IF: 2.358

Total impact factor17.205

Cumulative impact factor: 22.717



