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SUMMARY

Inflammatory reactions play critical roles in determining the survival or dg&truof tissues
after various injuriesThe precise identity of the inflammatory stimulus oftemains unknown and
even if known, may be difficult to eliminate Targeted nutritionalinterventions have many
advantages, and various experimental and elinidata have indicated that dietary
phosphatidylcholine (PC) may potentially function as an-iaflammatory substancé&his thesis
will focus onthe central and peripheralonsequences of neuroinflammation dhd rolesandthe
therapeutic possibilitiesf PCand L-alphaglycerylphosporyicholine(GPC)in these scenarios

We establishedan experimental rodent modeéb examine what happens in the brain after
peripheral lipopolysacchar&(LPS)inducedinflammatory activation. To examine the consequences
in the central nervous systenCNS), we usedthree groups of rats. Group 1 served as control; the
rats were injected with sterile saline and were nourished with standard laboratoryl blkeayoup 2
animalswerekept on a standard laboratory diet for 5 sland then received a single i.p. dose of
LPS. This group was subsequently nourished with standard laboratory chow for 7 days. In group 3,
the animals were fed with a special diet containing 1% PC for 5 days prior to the administration of
LPS, and thereadt during the tlay observation period. Rats were sacrificed lat Bday, 3 days or
7 days after.p. administration oLPSto determine the levels edimour necrosis factoalpha(TNF-

U and interleukiré (IL-6) in the peripheral circulationTissue biopsies were taken from the
hippocampudor immunohistochemistryand the ileum and the ascead colonfor conventional
histology. The activities of proinflammatoryenzymes riyeloperoxidae (MPO) and xanthine
oxidoreductase (XOR)nd the tissue nitrite/nitrate legelere additionally determined. Thesults
showed that thd.PSinduced inflammatory challenge led to an accumulation of microglia and
decreased the neurogenesis in the hipppes relative to that after the adminiswatiof saline. PC
pretreatment prevented the decreased neurogenesis, reduced the plastha TNE v e | ; t he
damageand themucosal MPO, XOR and nitrite/nitrate level changes were less pronounced.

The questionarose as tavhether tiis antrinflammaory effect of PC is linked to the fatty acid
moieties or to the polahead group of the molecule. To answer this question, we set up an
experimental model of mesenteric ischaenmgjperfusion (IR) injuryWe usedGPC a deaglated
derivative of PCin an euimolar dose with the effectivantrinflammatorydose of PC in rat€Gera
et al, 2007; Vargeet al, 2006).The animalsvere divided into control, mesenteric IR, IR with GPC
pretreatment or IR with GPC peseatment groups. Following the IR challengthe

macrohaemodynamics and inteatimicrohaemodynamic paramet&ere measured, and intestinal
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inflammatory markersvere determinedThe results showed that the GPC treatments provided
significant protection againghe antigenindependent inflammatoryctivation and the ROS and
RNS production resulting from the oxideductive IR stressVe postulated thahe major benefit
of the GPC molecule ishe possibilityfor it to pass through the BBB, anithereby provide
neurgrotection in the brain. @ induce nflammation directly in the brajrwe designedhovel brain
irradiationinduced neuroinflammatiormodek to examine theradiotherapycausedacute and
chronic consequences and to investigate the possible protective effects of GPC traatitinents
peripheryand in the CNSIn the acuteseries ofinvestigatiors, we wishedto learnwhether wecan
detect earlyro-inflammatorychanges in the peripheral circulatibrve induceinflammation in the
brain Anaesthetizedats wereghereforesubjected to 40 Gy cobaittadiation of both hemispheres of
the hippocampus, with or without GPC treatment. A third group served as-tsalitexd control.
Blood samples were obtained 3 h after the end of irradiation in order to examine the changes ir
plasma histame, TNFU ,IL-1 bIL-6 andIL-10 levels We observed thathe plasma levels of
circulating TNFU, -6) IL-10 and histamine were significantly increased after hippocampus
irradiation. The iv. GPC treatment significantly reduced the irradiatidnced release of
cytokines. After thisseries we examined the locgbotentiallyharmful consequences of irradiation
in the brain, ina clinically relevant timdrame. Rats were subjected td0 Gy irradiation of one
hemisphere of the brain, witbr without GPC treatmey and oral GPC supplementation was
continuedfor the duration othe observabn period.Four months after thdelivery of a single dose
of 40 Gy, the histopathologic evaluation showsdnificant focal morphological changes in the
CNS, but GPCadministratiorprovided significant protection against tlegree otflamage.

In conclusion, oudata demonstrated the relative susceptibility of the brain to the consequences
of transient peripheral inflammatory stimuli. PC supplementata@sdot reduce the overall extent
of peripheral inflammatory activation, but efficiently countesattte disturbed hippocampal
neurogenesis by lowerinipe circulating TNFU concentr ati on. Target ed
acute andneasurable praand antiinflammatory cytokine chages in the systemic circulatipand
induced latehistopathologicchanges in the brairin both casesGPC supplementation prioles
significant protection against irradiatimaused peripheral piaflammatory activatiorand cellular
damagen the CNS

10



1.INTRODUCTION

1.1. Characteristics of inflammation
Inflammatory reactions triggered by exogenous or endogansulisaremainly propagatedy

intravascular eventsThe acute phasis characterized by changes the diameter of blood vessels
and increased capillary permeabiligading tothe classical inflammatory signsf dolor (pain),
calor (heat), rubor (redness)tumaur (swelling) andthen functio laesa(loss of function). Itis
followed by a delayed, subacuteadion, most prominently characterized by the infiltration of
leukocytes and phagocytic celishile in thelate proliferative phase, tissuemodellingand fibross
occur.lt is important to emphasize thalt theseelemens and stages of thmechanisntan be linked

to microcirculgory changesand he microcirculatory disturbance is one of the main causes of organ
failures

After the induction of inflammatiqrihe activaed polymorphonuclear (PMN) leukocyeand the
increased production of reactive oxygen species (Ril)importantroles in tke procesgWard
and Lentsch, 1999ROS are derived from molecular oxygen by sequentalalent reductions,
forming supeoxide radical (@), hydrogen peroxide (#D;) and hydroxyl radicain cells and
tissues Phagocytic cells, includin@MN leukocytes produceROS andseveralotherinflammatory
mediators which can directly induce vascular damage anduémfce theactivaton state of
endothelial cells Cerletti et al, 1995).An important feature ofhis processs the inactivation of
nitric oxide (NO), the most important vasodilator molecUlNO is synthesized by a variety oflise
including vascular endothal cells from the guanido group of-&rginine. Earlier studies have
demonstrated thalNO syntlesis inhibition elicits the recruitment ofadheent PMN leukocytes
(Kubeset al, 1991; 1993)while NO donorsattenuate or prevent tHRMN adherence induced by
different ifflammatorystimuli (Gabouryet al, 1993. Further it has been shown thdid reaction of
O, with NO rendes it biologically inactive,which per sepromotes @éukocyte adherend&uzukiet
al., 1989; 1991)while thegeneratd peroxynitrite mediaes vasalar phenomena such as platelet
aggregation and plateltukocyte adhesion (Moncada, 1992).

Cytokinesignalsarecrucial in he inflammatory cascad®y promotingthe interactions oPMN
leukocytes with endothelial ce#i through the up-regulation of adhésn molecules PMN
degranulation, respiratory burst, lipid mediator synthesis (Baggietiral, 1994)and enhanced
migration throughthe endothelium.Via these reactionghe soluble mediators fumour necrosis
factor alpha TNF-U), interleukin 1beta (L-1 p and IL-6) alter the microvascular homeostasis

(Dinarello, 1997; Feghali and Wright, 1997; Foréhal, 2010;Wu et al, 200§ and blood flow,
11



which have been associated witiultiple organ dysfunction syndroméTrzeciaket al, 2007) The
inflammabry mediatorsmutually regulatethe generationof each other, e.g. thaddition of NO
augments TNFJ s ecr et i o AMNflaukoeytegvan Dervortet al, 1994) or peroxynitrite
mediates I8 gene expression and -8 production in 11 b and TNFUstimulated human
leukocyteqZouki et al., 2001)

1.2 Characteristicsof the inflammation in the brain - the neuroinflammation
Neuroinfammation occursni various central nervous systenCNS) pathologies, including

ischaemia, stroke, infectionsrauma and reurodegenerative disorde(Block and Hong, 2005;
FrankCannonet al, 2009 Kreutzberg, 198; Messmer and Reynolds, 200%Although the exact
molecular and cellular components of reaflammation are still unknowrenhanced cholinergic
activity (Tyagiet al., 20@B; 2010) and activation of theastrocytes andhicroglia (Bouchardet al,
2007)play principalroles. Microglia are resident immune cells in @§S (Sugama, 200%ndare
considered to bthe macrophages of the parenchyma paichary componets of the brain immune
system (Barron, 1995) In neuroinflammationthe activated microglia underges achange in
morphology, and releasevarious potentially cytotoxic mediators, s as NO,TNF-U, IL-1 b ,
prostaglandin Eand ROS It is proposed thathe overproduction of these mediatois toxic to
neurons and results in a splopagatingiciouscycleleading toneuronal deatfCui et al,, 2012)

In clinical cases, the systemic inflammatortiaation often causes mental status changes,
ranging from subtle forms of sickness behavito severe encephalopathy with delirium and coma
(Pytel and Alexander, 2009fhe CNSmediatednechanisms of the acuphase response are only
partially understood,but it has been shown that endothelial sitjmg after the peripheral
administraion of lipopolysaccharideL(PS) enhances the transport of grdlammatory cytokines
acrosshe blood-brain barrier BBB) (Panet al, 2008) LPSis a componetnof the outermembrane
of Gramnegative bacteria, and has the ability to induce inflammation in the periphery #ml in
CNS through the activation ofglial cells The binding of LPS to the CD14 / MP / toll-like
receptor 4 (TLR4) comple leads to the production ofNF-U, IL-1 and IL-6, and these mediators
may adverselaffect the function of the CN®&ntzer, 2009; Hopkingt al, 2005)

1.2.1 BBB dysfunction in neuroinflammation
The vasculatureof the BBB is specialized inmaintainingthe CNS tissue in an immune

privileged environmen The BBB with counterpartéound in theretina andspinal cord represents

both afunctional and aranatomical unit mediating molecular transport and immune reguldtion.
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consists of a layer of tightly adhering endothelial cellswginthe blood vessel lumen that actively
and selectively restridhe passge of water, ions, metabolitasd cells. Although the endothelium
provides the main physicalbstacle tightly associated pericytes and astrocytes contribute to the
barrier functim, and together with the endotheliuoonnecting neurons amdicroglia comprise the
neurovascular unifPersidskyet al, 2006)

Disruption of the BBB is an early and continuous evera mumber ofCNS disordersbut the
exact pathomechanisand many deils of barrier failureare still unknown. In response to local
inflammation, ©iemokines are produced by resident cells includingraoglia, astrocytes and
neurons(Ransohoff, 2002)Leukocytesare boundo the endothelial cells by P and E selectins and
intercellular adhesion molecules and migrate outhefblood vessels into the brain parenchyma.
The ativated Eukocytesthen release pranflammatory cytokines, proteases, prostaglandins,
complement factorsROS and reactive nitrogen specie§RNS), which danage the neuronal
population and brain microvasculature and coote to theformation of vasogenicedema
(Nguyenet al, 2007).

In oxidative conditions, a number of mechanisms have been proposed to trigger ROS
generation, with enzymes such as xanthindareductase(XOR), cyclooxygenaseNADPH
oxidaseuncoupled endothelialitric oxide synthaséeNOS) and®MN leukocytes andmitochondria
as putative sourceChenet al, 2011) The impact of ROS othe BBB function and increased
endothelium permeabilithas been documentéd superoxide dismutas&QD)-deficient micewith
ischaemiareperfusion(IR) (Chrissobolis and Faraci, 20084,0; is more stable thanther RO$
diffuses easily across cell membranean stimulate NADPH oxidase in vascular cells #mas
further increase levels afxidative stresgFaraci, 2008 Endothelial cells also produce inducible
NOS (iNOS), activated byLs and TNFU (Angeles MunoZernandez and Fresno, 1998he
activation of INOS is longasting and leadotan increased pduction of NOas comparewvith the
constitutive isform. The generation of N@lerived peroxynitrite has beendocumented in
astrocytes, neuronand blood vessels of inflamed brainand it has neurotoxic effects via lipid
peroxidation and DNA damagé&l{iassonet al, 1999).Lipid peroxidation usually designates the
oxidative damage of polyunsaturated fatty aglldFAs)by radical chain reactions when exposed
to O, in the presence of trace metal ions. Lipid peroxidation causes damage at several levels b
generation of various reactive aldehydes that can alter the phosph@ip)dasymmetry of the

membrane lipid bilayer, and other products of lipid peroxidation, that can react with mitochondrial
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enzymes and cause disruption thie mitochondrial energetic andncreaseROS release and
oxidative stresfurther(Massaad, 20)1

Other important elementsf the pathomechanismesponsible forthe breakingdown of the
endothelial basal lamina @he BBB are matrix metalloproteases (MMP®i Napoli and Shah,
2017). Produced by activated microglighe activation of MMR2 and MMR9 is a marker of
neuroinflammationNlontaneret al., 200)).

In these evenfswclear factotkappa B(NFe B) pl ays a cruci al rol e
genes encoding prinflammatory cybkines such as TNFRJ, -11bL, -6 dnd. IL-8. TNFinduced
activation of NFkB largely relies on phosphorylatiesependent ubiquitination and degradation of
inhibitor of kappa B @B) proteins. The inhibitor fothe kappa B kinase (IKK) complexs
responsibldor the TNFU i nduced p h ooB.pKK can pe geeatly enlmancedfby TNF
and IL-1, leading to nuclear translocation of dFBNF-e B mi gr at es t o the nu
to specific promoter sites dmactivates gene transcriptigBlackwell ard Christman, 1997)The
activatedNFe B i n astrocytes, IUe ach® whid can hneplifyrthelefiect s e
by acting back on the endotheliunSchwaningeret al, 1999. TNFU c¢ an i ncr ea:
permeability by direct actions on the endotimeli (Deli et al, 1995) and indirectly through
endothelinl productonand 1 b r el ease from astrocytes, i n
(Didier et al., 2003.

It should be noted thahé sizes and structures of the cytokimes limiting factors, whit
exclude their passive diffusion across the BBB. Nevertheless, the entry of peripheydiiged
cytokines into the brain tissue after tebaldy irradiation or inflammatory syndromes is rather well
documentedGourmelonet al, 2005; Marquettet al, 2003) and this implies that the mechanism
that controls the passage of such substances from the blood into the cerobrospinal fluid may b
temporarily disturbed. It also follows that the unwanted consequenceiadinflammatiormight
include a series of siant or systemic effects if the pathophysiological opening of the barrier
mechanisms is bidirectional.

1.2.2 Characteristics of brain irradiation -induced inflammation

lonizing radiation is used successfully in both adult and paediatric patients wiahsvarimary
and metastatic brain tumours (Kalifa and G&005; Kaminumaet al, 201Q Khuntiaet al., 2009;
Laroucheet al, 2007; Pollack 2008). However, potentially harmful sedfects, such amterstitial

oedema, arlevated intracranial pressuoe damageof the BBB are often experience(irste et
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al., 2011 Liu et al, 2010).The early signs and symptoms are headache, nausea, vomiting, tiredness,
skin and scalp changes, hair loss, prolslamh memory and speech or seizures.

Radiationinduced brain injury is dexibed in terms of acute, eattielayed and latdelayed
injury (Tofilon and Fike, 2000). Acute brain injury expressed in hours to weeks after irradiation,
while early-delayed brain injury occurs-@ months postrradiation. The ely-delayed brain injury
is characterized histopathologically by endothelial apoptosis, increased vascular permeability,
oedema, gliosis and demyelination, together with white matter and cell necrosis.

There ae numerous potential mechanismasd targets ofirradiationinduced adverse
reactionsn the CNS but it has been established experimentally that a coordinatedfirmmatory
response may play key roles in radiotherapgociated tissue injury (Denham and Halersen
2002). In this line, it has beesmown that mast cetlerived histamine release and histamine receptor
H3 expression are involved in the development of brain oedema (Mogiaaky1989; Shimadat
al., 2012). Moreover, the expressionsTiF-U a n-H fgehds are rapidly induced afteadiation
(Chianget al, 1997; Gabeet al, 2003; Haret al, 2006 Honget al, 1995, 1999; McBridet al,

1997), and these cytokines have also been implicated in oedema formation in ischaemic and hypoxi
injuries Botchkinaet al, 1997 Meistrell et al., 1997;). It has further been demonstrated that
TNF-U out put 8d aniddas adudllyereturn2d to the baseline by 24 h after irradiation
(Daigle et al, 2001). Other results suggest that the TMitiated hypothalamipituitary-adrenal

axis activation is sustained by-ILb  a 6 ghrodiction. The spread of primflammatory events is
balanced by the release of aimflammatory cytokines such as-10, which downregulates TNB

activity and inhibits longerm IL-6 production Huauxet al, 1999 Marshallet al,, 1996;).

An important brai structure, the hippocampus, is involved in a number of processes that are
essential for the creation of new memories. Injuries to the hippocampus have been demonstrated 1
impair learning and memory in a vagedf behaviaral paradigms (Jarrard and Ddson, 2004
and it has been suggested that ionizing radiation may induce damage to the hippocampus which ce
result in behavioral alterations Cacereset al, 201Q and cognitive deficis (Abayomi, 1996;
Roman and Sperduto, 199%)has been postulatédat the major cause of the cognitive dysfunction
after irradiation is the impairment of neurogenesis in the dentate subgranular zone of the
hippocampusRolaet al, 2009.

To date, onsiderable effort has been devoted to attaining a reduction in khef nsinorto-
severe neurocognitive deficits and focal necrosis, with its consequenuegdssive deterioration.

Potentially neuroprotective drugs of the brain are therefore of great importance in order to enhance
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the radiation tolerancé\n active newoprotective agent could theoretically increase the therapeutic
index, andit might lead tcan ameliorated locainflammatorycontrol providing the prospect of an
improved outcome of radiation, amtnsequently to an improved quality of life of patiemiso

undergaradiotherapy

1.3 The therapeuticeffectsof PLs
PLs are amphiphilic lipids found in all plant and animal cell membranes, arranged as lipid

bilayers.MemlranePLs are basically glycerophospholipids (GPLs), which consiBAgfesterified

to aglycerol backbone, a phosphate group and a hydrophilic residue (e.g. thasdting in
phosphatidylcholing PC) or lecithin. The backbone of a PL can also be the long chain amino
alcohol sphingosin instead of glycerol. These PL are classified aggephwspholipids, the most
representative being sphingomyelin, found in high quantities in brain and neural tissue, consisting ot
sphingosin esterified to one FA and phosphocholine. GPLs extracted from food products (e.g.
soybeans, egg yolk, milk, or marimeganisms like fishroe or krill) are defined adietary GPLs.

They can be ingested either witle normal diet or as supplemenExamples of dods with a high

PC content are egg yolk, pig or chicken liver, soybeans and beef.

Beneficial efects of dietay PLshave been known since the early 1900s in relation to different
illnesses and symptoms, including inflammation or car®everal studies have describegortant
roles forPLs in tumar and metastasis inhibition. Some investigations have showwrahaer cell
membranes acquire particular properties, which vary from those found in the differentiated
progenitor cells. For example, the membsaokeneoplastic cells showing the ability to metastasize
have lost their adhesive charactecstas found imormal cells (Markert, 1968Y his enables cancer
cells to dissociate from their surrounding (twmatissue and to migrate to other tissues or organs,
causing tumor metastases. The membrane of breast and prostate cancérasdéléenshown to
have a higer concentration of lipid rafts (areas with high cholesterol content) than their normal
counterpart cells, which was associated with higher apoptotic sensitivity (regulated by its cholesterol
content). Consequently, the regulation of the composition ansity of lipid rafts could potentially
alter cancer cell viability and metastatic behaviguret al, 2006)

The agerelated nemory impairment reflest a gradual physiological deterioration ofhe
memory function, which affects virtually every humasiny. It is known that during aging the lipid
composition of brain cells changes. The amount of polyunsaturédeids (3PUFAS) in the brain
tends to decrease with aged consequentlythe membrane fluidity is decreased and cholinergic

activities via réarded N& and Ca-channels in the membranes are reduced, since they r&fliire
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and PUFAs for their excitability and neurotransmitter relg&sereliereet al, 2003) It may be
assumd thatthe memory decline and the dimshed learning abilities obsesdt in the elderly are
conseqguences of a decreased quantity of RIbaPUFAS in the brain tissubterestingly,Gobetti

et al (2013)detected temporal and quantitative differences in tissue PUFA metabolite production,
which correlated witlihe inflammabry damage irexperimental intestindR in mice. Their results
showed that early ischaemia indudsath pre and antiinflammatory etosanad production, and
different lipid metabolitesre released befowrytokines, chemokines or peptides further amgiliiy
inflammation. In addition lipoxygenasg cytochrome P450, prostaglandiy Bnd protectin Dx
metabolites argroduced upon is@emia whichsuggestshat different lipids simultaneously play a
role in the induction and counterbalancetloé ischeemic nflammatory response from its onset.
Increased levels ofyclooxygenasalerived metabolites are present from 2 to &ftar reperfusion,

but all metabolites are decreased 48 h peperfusion except fahe preresolvingE precursorl8-
hydroxyeicosapentaeic acid and a peroxisome proliferateactivated receptes ag.olmi st
conclusion,it seems than-3 or n6 PUFAs possess the capacity to control the resolution of
inflammation by inducing the synthesis of lotgl acting mediators with potent asitiflammatory

and immunomodulatory activities.

1.31. The therapeuticeffectsof PC
PCis anubiquitous membrane phospholipid, and a number of experimental and clinical studies

have demonstrated that it alleviates the consequences of inflammation aainiach different
organs Er R al., 2009; Gera et al., 2007h vivo, PC is produced via twmajor pathways. Two
FAs undergo addition to glycerol phosphate, to generate phosphatidic acid. This is converted to
diacylglycerol, after which phosphocholine (the head group) is addedive cytidine 5
diphosphocholinéCDP-choling. CDP-cholinesignificantly attenuates TNB a nHdC I lLev el s,
affectsphospholipases and Rlynthesis in restoring the IoBL levels after stroke (Adibhatlet al,
2008).The second, minor pathway ioives the methylation of phosatidylethanolamine, in which
three methyl groups are added to the ethanolaheadgroup of the PLconverting it into PC.

Orally administeredPC serves as a slemglease blood choline source. PC is taken up by
phagocytic ells, and it may accumulate in inflamed tissues (Clelandl, 1979). On the other
hand, the hydrolysis of PC by phospholipase D generates cholawlinergic neurons (Blusztajn
andWurtman 1983), and this choline is used for synthesis of the prin@gal neurotransmitter,
acetylcholine. Previous studies have shown that some of the choline is stored in the form of

membrane PC, and this pathway may become particularly important when extracellular circulating
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choline concentrations are low (e.g. dgria dietary choline deficiency) or when acetylcholine
synthesis and release are accelerated by high neuronal adiaeatgt(al, 1993 Ulus et al, 1989).
The finding that PC metabolites inhibit the activityRIMIN granulocytes supports the role of PC as
an endogenous afihflammatory compound (Ghyczt al, 2008), and recent reports demonstrated
in vitro antkTNF-U  ef f ects f or PC, a n d -4sigpendentfinflaanmatonyh i b
pathway [shikadoet al, 2009 Treedeet al,, 2009).
PC is anessential component of biomembranes and endogenous scoftogy substances, and
it is well established that the main elements ofi®uced tissue injuries include lipid peroxidation
and the loss of membrati@rming PL bilayers (Volinsky and Kinunnen023). Likewise, it has been
shown that a reduced PC content of the intestinal mucus plays significant roles in the developmen
of inflammatory bowel diseases (Stremraeél, 2012).
Interestingly, a number of data suggest tailinecontaining PIs, induding PC, may function
as antiinflammatory substances under highly oxidizing IR conditions. Several studies have
i ndicated that exogenous PC etrah R2066; 2099) dné thé o c
generation of inflammatory cytokines (Treede al., 2009), and PC administration has been
demonstrated to provide protection againsaRociated ATP depletion (Ghycelal,, 2008).
Nevertheless, the specific mechanism of action of PC is still not known with certainty, and the
guestion arises as twhich of the moieties in the PC molecule are of critical significance in the

reduction of the leukocyte responses andipflammatory signal production.

1.32.The GPC
Several lines of research converge in suggesting that GPC would be efficaciousencinti

the inflammatory respons&PC is a watersoluble, deacylated PC intermediate which may be
hydrolysed to choline and can possibly be used for the resynthesis of PC (Galazzini and Burg 2009)
Interestingly, significantly lower concentrations of GP@ve been reported after experimental
haemorrhagic shock, a prototype of systemic IR, with recovery to the baseline only 24 h later
(Scribneret al, 2010). GPC has proved effective against the loss of the membrane function in CNS
injuries (Amentaet al, 1994; Onischenket al, 2008), and it was previously testedaasentrally

acting parasympathomimetic drug in dementia disorders and acute cerebrovascular disease:
(Barbagallo Sangiorgt al, 1994 De Jesus Moreno Moreno, 2Q@arnettiet al, 2007). After oral
administration GPChas been shown to cross tiBBB and reach th€NS whereit is incorporated

into the PL fraction of the neuronal plasma membrarel microsomes (Tayebatt al, 2011)

Brownawell et al (2011) investigated the toxicity of GP@ rodens. They examined the acute,
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subacute andate effects of different GPC doses from 100 mg/kg bvii@00 mg/kg bw in rats.
Acutely, the lethal dose ointravenously i(v.) administeredGPC was 2000 migg bw, and the
intraperitoneal i(p.) dosing of rats producel mortality starting at 1500 mgg bw, while oral
administration resulted in miality from 10000 md{g bw. In subchronic or chronic studiedpses
of 100 and 300ngkg bw GPC did not alter the behaviobndy weights, haematology or clinical

chemistryof rats and did noproduce any signs of general toxicity

2. GOALS
The aim ofantrinflammatory and immunomodulator interventionsi®duction or blockage of

the activation othe inflammatory process, without causing significant seffects. In this respect,
antrinflammatory therags mainly focus on providing protection against the harmful consequences
of PMN leukocytesreactions and the oxidative and nitrosative stress responses to mitigate the
damage to the affected tissu&he main pgoose ofthe work described ithis thesiswasto study
and evaluate the degree of inflammatory activationtle brain after locaJ intracranial and
peripheral insultsand to test new therapeutic possibilities via which taierfite such eventgve
specfically focused on new, possible therapeutic ways which cbeldfficacious in mitigatinghe
neuronflammation process through th@ieripheralantrinflammatoryeffects.
1. Ourfirst goal was @ investigate and characterize til@uronflammatorychanges irthe brain
after peripheral inflammatory stimuliWwith this aim, we used a small animal model of LPS
induced systemic inflammatioto monitor inflammatory changes in the CNS aiml the
periphery with special emphasis @astrointestinall) reactions
2. Weinvestigated the preventive potential of an oral PC regimen on the scope-ofdue8d
peripheral cytokine production in association with the development of secondary
neuroinflammatory complications. We also aimed at studying the changes in Gl markers of
inflammation in order to acquire comparative and tisguecific information on the anti
inflammatory potential of dietary PC supplementation.
3. We aimedo investigate whether the astiflammatory effects of the PCaltinked to the FA
moietiesor to thehead group of the molecul@vith this aim, the antinflammatory effects of
GPC were characterized in a rat model of antigadependent inflammatigrin an equimolar
dose with the effective dose of PC.
4. Irradiation of the hippocampus was udedthe diret induction ofneuroinflammation in the
CNS. Our aim wado investigatethe immediateconsequencesf experimental radiotherapyot

only in the CNS but also in the peripherypecause we hypothesized that the consequences of
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irradiation might include sysiic effects if the opening of the BBB is bidirectiondle also
aimed to investigate the effectsfstemicGPC treatments on irradiationduced inflammatory
changes in the peripheral circulation and in the CNS.

5. We also aimed to determiriee late consuences of the irradiatienduced inflammatiom
a clinicallyrelevant timeframe. We examined the histopathological changes ifdN&, andthe

effects of systemiGPCtherapyin a chronic animal model of brain irradiation
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3. MATERIALS AND METHODS

3.1. Animals
The experiments were performed on adult male SprBgwdey (SPRD)rats housed in plastic

cages in a thermoneut r al-hdarklight cyole Foechand watgrivéte A
providedad libitum The experimental protocol was apprdvey the Ethical Committee for the
Protection of Animals in Scientific Research at the University of Szeged and followed the NIH
guidelines for the care and use of laboratory animals and the Society for Neuroscience guidelines o
Responsible Conduct Regard Scientific CommunicationThe animals were randomly allocated

into the study groups.

3.2.LPS administrationand PC treatmentexperimental protocol
Group 1 (n = 36180250 g served as controls; tlamimalswere injected with sterile saline and

were nourished with standard laboratory chdviae animals ingroup 2 (n = 36) were kept on a
standard laboratory diet for 5 days and then received a single i.p. dose of LPS (Sigma CHsinicals
Louis, MO, USA;Escherichia coliO55:B5, 2 mg/kg body weightThis group was subsequently
nourished with standard laboratory chow for 7 days. In group 3 (n = 36), the animals were fed with a
spe i al di et ( S s Bsniff {GmbEl,p Loest, &Gkerchany) tcentaining 1% PC -(1,2
diagylglycero-3-phosphocholine, R48;ipoid GmbH, Ludwigshafen, Germany) for 5 days prior to

the administration of LPS, and thereafter during theay observation period. P€d control
animals were not included (i.e. the effects of f&C sewithout receiving LPS were n@xamined)
because inhis timeframe there are no divergences from the physiological paramgterdefsal,

2009a, 2009b, Hartmaret al.,, 2009).

After day 0, all animals received the thymidine ana®d@romodeoxyuridine (BrdU, 50
mg/kg/day i.p.) daily for 7 days to label proliferating cells. The animals were sacrificed 3 h, 1 day, 3
days or 7 dayafter the administration of LPS. Tissue biopsies were taken from the hippocampus,
the ascenaht colon and the ileum, and blood samples were obtained fremfdrior caval vein

In a further series, Evans Blue (EB) dye was used to evaluate the intégn&B&BB 24 h after
the LPS challenge. Briefly, 0.3 ml of EB (10 mg/ml) was administered i.v. via the right jugular vein
and 30 min later the chest was opened. The animals were perfused transcardially under constal
pressure with 250 ml saline for 15 m&blood sample was taken from the inferior caval vein, and
the hippocampus was then removed, weighed, homogenized in formamide and centrifuged for 5 mir
at 100001 g. The absorbance of the supernat an
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tissueEBconcentration was expressed as e€g/ mg pr ot
and the plasma were used to calculate the vascular permeability index (VPI).

In a separate series, the rectal temperature was measured for 1 min hourly for up to 6 h
following gentle insersion of a vaselweated thermistor probe (SEM-RTH1 Stick temperature
probe, S. P. H.. Advanced Cardiosys Softwargxperimetria Kft, Hungary) 4 cm into the rectum.

3.3.GPC administration;experimental protocol I
The question @se as towhether the antinflammatory effects of PC are linked to tii&

moietiesor to the choline part of the molecuM/e thereforeset up a rat model of menteric IR

with anantigenindependent perferal inflammatory reactiomhe animals were apathetized with
sodium pentobarbital (50 mg kgbw i.p) and placed in a supine position on a heating pad.
Tracheostomy was performed to facilitate spontaneous breathing, and the right jugular vein was
cannulated with polyethylene (PE50) tubing for flaidministration and Ringer's lactate infusion

(10 ml kg* h™), while the right common carotid artery was cannulated with PE50 tubing for mean
arterial pressure (MAP) and heart rate (HR) measurements.

The animals were randomly allocated into four groups heach, 25@00 g): a control, sham
operated group, a group that participated in intestinal IR, and groups that took part in IR with GPC
pretreatment (GPC + IR) or in IR with GPC ptgtatment (IR + GPCprotocols.After midline
laparotomy, the animaia groups IR, GPC + IR and IR + @Rwvere subjected to 4%in ischaemia
by occlusion of the superior mesenteric artery (SMA) with an atraumatic vascular clamp. 45 min
after the start of the ischaemic insult, the vascular clamp was removed and the intastine
reperfused. The SMA blood flow was measured continuously with an ultrasonic flowmeter
(Transonic Systems Inc., Ithaca, NY, U.S.A.) pthcaround theSMA. The abdomen was
temporally closed and the intestine was reperfused for 180 min. In thespaated control group,
the animals were treated in an identical manner except that they did not undergo clamping of the
artery. After 180 min of reperfusion, tisssiavere taken from the ileum to examine the uess
nitrotyrosine and,~ production ad the XORactivity.

GPC (MW: 2%.2; Lipoid GmbH, Ludwigshafen, Germany) was administaredin a dose of
16.56 mg kg bw, as a 0.064 mM solution in 0.5 ml sterile saline. These dosage conditions were
based on the data of previous investigations with PC. Thie d@as equimolar with the effective,
antrinflammatory dose of PC (MW: 785; 0.064 mM, 50 mg'Kyy, i.v.) in rodents (Gerat al,

2007; Vargeet al, 2006). The GPC preor posttreatment was applied once, either directly before

the ischaemic period ommediately after the ischaemia, before the start of reperfusion.
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3.4. Short-term consequencesf brain irradiation; experimental protocol Il
SPRD rats (18@50 g) were agesthetized with 5% chloral hydrate solution (i.p.) and placed in a

supine positioron a heating pad. The right jugular vein was cannulated with PE50 tubing for the
maintenance of aesthesia (5% chloral hydrate) and for treatment. Group 1 (n = 6), which served as
nontreated controls, received sterile salind (B i.v.). CT-based (Emition 6, Siemens AG) three

di mensi onal confor mal treat ment pl anning wa
planning system. The hippocampus was delineated on each slice on CT images acquired in th
treatment position. Two opposed isocentric lateratleifields 1 cmin diameter were planned,
resulting in a homogeneous dose distribution in the target. The field profile and output factor of the
custommade collimator were measured by using film dosimetry and a pinpoint ionization chamber.
For the irradiion, the animals were laid on a special positioning scaffold (resembling gblednid

rats at a time). Group 2 (n = 6) and group 3 (n = 6) were subjected tli 60bteletherapy
(Terragam KO1SKODA UJP, Prague, Czech Republic) of the hippocampus im lEmnispheres:

40 Gy (1 Gy/2.25 min), from two opposed lateral fields.

Prior to the start of radiatigrportal imaging with the gamma ray of tlebalt unit was
performed for field verification. Additionally, group 3 received GPC (Lipoid Gimnbudwigshafa,
Germany; 50 mgg™ bw, dissolved in 0.5 ml sterile saline, i.v.) 5 min before the start of irradiation.
Three h after the completion of irradiation, blood samples were obtained from the inferior vena cava
to examine the plasma histamine, TNF -6/Il-:1 b  a i@ chandes

3.5. Brain irradiation, long-term consequencegxperimental protocolV
After pilot experiments to determine the dasféect rdationship (doseeffect curves)f single

fraction radiation doses to the partial rat brain, and the resultant morpholagitabiological
changes Hli d e get @t 3013, the 40 Gy dose level was selectedhich was found to be
appropriate for the detection néuranflammation and neupotectionin a reasonable tiraigame

It should be added that the radiotolerance of #térain is different fronthat of the human brajn
and structural changes, including decreases in cell number and demyelcatite expected in the
40-100 Gy dose range.

Male SPRD rats (18@20 g) were azesthetized (4% chloral hydrate (Fluka Anatgli Buchs,
Switzerland), 1 ml/100 g,p.) and placed in the prone position, using laser alignment. After earpin
fixation, they were imaged in the Emotion 6 CT scanner (Siemens AG, Erlangen, Germany) in order
to plan the radiation geometry. Treatment plag and dosimetry of the special electron insert had

been performed. A-8eV lateral electron beam at a 106t sourceo-skin distance was chosen
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because it has a sharp dose-&dtlwith depth, limiting the radiation dose delivery to the defined
volume d the hippocampus, including the corpus callosum of the ipsilateral hemisphere, while
sparing the skin, eyes, ears, cerebellum, frontal lobe and contralateral half of the brain. The planne
dose was delivered as a single fraction, usingnear accelerato (Primus IMRT; Siemens,
Germany) at a dose rate of 3900 monitor units (MU)/min, with six 2hm diameter apertures in

a 20mmtthick Newton methinsert placed into the 15xi&m electron applicator for the following
groups of animals: a shmirradiated ontrol group (n = 6), an only GP@reated group (= 6), an
irradiatedgroup (n= 6), and a both GP@eated and irradiategroup (n= 6). Positioning to the

beam was achieved with the laser optical system installed in the treatment room and thedlight fiel

Irradiation was carried out on 6 animals at the same time (described in detail by Higggiety
2013) at a dose rate of 300/900 MU/min under-éhidin control. The radiation geometry was
verified prior to the irradiation, and documented by contmhging on filmafter it. The control
animals were aesthetized and treated similarly, but received shadiation. Following
treatment, the animals were transferred to their home cages and kept under the standard conditior
with weekly weight measuremts, descriptive behawiio observations and skin checks.

Beginning from the day of irradiation, the rats received GPC (Lipoid GmbH, Ludwigshafen,
Germany; 50 mdg™ bw, dissolved in 0.5 ml sterile saline, administered by gavage) or the vehicle
at the sama time every second day (on Mondays, Wednesdays and Fridays) for 4 ni@6tlasys
after the irradiation,the rats were deeply amsthetized and perfused transcardially, and

haematoxylin and eosin (H&Ejtaining was usefbr histological evaluation.

3.6. Measurements

3.6.1. Brain immunohistochemistry
Rat brain slices were fixed with 4% formaldehyde solution @ 0/ phosphatéuffered saline

(PBS) for 5 min at room temperature (RT). After washing 3 times in PBS, the sections were
preincubated for 5 minni DNase | buffer (10 mMrris-Cl, 150 mM NaCl, 1 mM MgQG)), after

which DNase | treatment (5 U/ ml) was perforn
again, and incubated in 0.05 M PBS containing 5% normal goat serum (Sigma), 1% bovine serun
albumn (Sigma), and 0.05% Triton-X 00 ( Si gma) , for 30 min at 3

and to reduce nespecific antibody binding in subsequent incubations.
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3.6.1.1. lonized calciurrbinding adapter molecule 1 (Ibal) staining with BrdU and doublecortin
(DCX) double labeling

The hippocampus was examined for the expression of Ibal, a characteristic marker for the
microglia cell line. BrdUlabeling and DCX staining were used to visualize neuroprogenitor cells.
Briefly, sections were incubated with the pripnanouse antBrdU (Merck, Darmstadt, Germany)
(1:2000), rabbit antibal (Novus Biologicals, Littleton, CO, USA) (1:400) and rabbit -&@iX
( Novus Biological s, Littleton, CcoO, USA) (1: 2
the sections ere incubated with amtnouse IgGAlexa 488 (Invitrogen, Carlsbad, CA, USA)
(1:1000) and antiabbit IgGAlexa 568 (Invitrogen) (1:1000) for 6 h at RT in the dark, and washed
again sever al ti mes, and the nuclei (Ggme tF
dissolved in 0.05 M PBS. After several washes, the sections were mounted with Vectashield (Vectot
Laboratories INC., Burlingame, USA) and arsal by fluorescent microscopy.

3.6.1.2.Cell counting
Pictures were taken with a Zeiss Axiolmager micopec (Carl Zeiss Microlmaging,

Thornwood, NY, USA) supplied with a PCO Pixelfly CCD camera (PCO AG, Kelheim, Germany).
EC PlanNEOFLUAR objectives (Zeiss, Germany) were used, at magnifications of 10x, 20x and
40x, with numerical apertures of 0.3, 0.5 arng| tespectively. Pictures were recorded and evaluated
bytwoinvestigators Cel | s i n the uppermost focal pl ane
order to avoid counting cell caps. Ibpasitive cells and cells with BrdU and DCX-eapression

were ounted in the CA3 and CAL1 regions of the dentate gip@®), in a minimum of 130 fields of

view in each animal.

3.6.2. Brain histopathology
Rats were deeply aasthetized with 4% chloral hydrate and perfused transcardially with 100 ml

0.1 M PBS,(pH 7.07.4) to flush out the blood, followed by 500 ml 4% garmaldehyde in 0.1 M
phosphatéuffer (PB) at 40 CThe brains were dissected and fixed in paraformaldehyde day,

before being cut into 6 equal pieces, which were then embedded in paraffin38eriah s ect i o
were cut with a vibratome. Multiple sections were processedhit for histological evaluation.
Sections were anadgd under an Axio Imager.Z{EC Plan Neofluar 40x/0.75 M2®reiburg,
Germany) light microscope, and photomicrographs weten with AxioCam MRS camera
equipment. Digital photos were ansdg with the aid of ImagfroR Plus 6.1 software
(MediaCybernetics Inc., Bethesda, MD, USA). All analyses were performed blindly, using coded

sections. Evaluations were carried out by twpesienced histopathologists, independently, with a
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semiquantitative method, scoring each examined parameter (necrosispmageradensity and
reactive gliosiy on a semiquantitative scale from 1 to 4, or 'can not be assessed. As concerns
necrosis, at lowmagnification the scores were as follows: 1: not detected; 2: necrosis detected in
less than 50% of the field of vision; 3: necrosis detected in more than 50% of the field of vision, but
in not more than 100%; 4: necrosis detected that exceeds the fiefdian, or affects both
hemispheres of the brain. Macrophage density was exarmmar high magnification (HMyvith

the following scoring system: 1: no foamy macrophages detected; 2: fewer than 5 foamy
macrophages/HM; 3:-80 macrophages/HM; 4: more thd0 macrophages/HM. €hsystem for
reactive gliosis1: none; 2: mild; 3: moderate; 4: severe reactive gliosis detected in the brain.

3.6.3. Intestinal histology
Tissue samples from the ileum and colon were fixed in 4% formaldehyde solution, sectioned

and stained with &E. The evaluation was performed in coded sectionstviry indegendent
investigators A semiquantitative scoring system was applied. Briefly, leukocyte accumulation,
lymph duct dilation, hypeemia,oedema and structural mucosal damage wéserved, and each
parameter was characterized by a point score in the rage 0

3.6.4. Tissue XOR activity

XOR is a prototypicO,"-generating inflammatory enzyme. Hippocampal, colon and ileum
tissue samples were kept on ice until homogenizg@BrfpH = 7.4) containing 50 mM TrsICl
(Reanal, Budapest, Hungary), 0.1 mM EDTA, 0.5 mM dithiotreitol, 1 mM phenylmethylsulfonyl
fluoride, 10 Og/ ml soybean trypsin inhibitor
into centrifugal concentrator tubesd examined by fluorometric kinetic assay on the basis of the
conversion of pterine to isoxanthopterine in the presence (total XOR) or absence (xanthine oxidas
activity) of the electron acceptor methylene blue (Becketai, 1989).

3.6.5. Tissuemyeloperoxidase MPO) activity
The MPO activity is directly related to the PMN granulocyte accumulation within inflamed

tissues. MPO activities in colon, ileum and hippocampus biopsy samples were determined by the
method of Kuebleet al (1996). Briefly, the 8sue was homogenized with FHEI buffer (0.1 M,

pH 7.4) containing 0.1 mM polymethylsulfonyl fluoride to block tissue proteases, and then
centrifuged at 4A Cfor 20 min at 2000 g. During the measuremeht 1 5 ml o-f 3,
tetramethybenzidine (dissoled in DMSO; 1.6 mM) and 0.75 ml df,0, (dissolved in KPO,

buffer; 0.6 mM) were added to 0.1 ml of sample, and the reaction was stopped afteina 5
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incubationby the addition of 0.2 ml of 2 MH,SQO,. The reaction involves the,O,-dependent
oxidation oftetramethybenzidine, which can be detected at 450 oy spectrophotometry (UV
1601; Shimadzu, Japan) at 3Y CThe MPO activities of the samples were referred to the protein
content (Lowryet al, 1951).

3.6.6. Tissue nitrite/nitrate level measurements
Tissue samples were collected from the ileum, colon and hippocampus. The levels of tissue

nitrite/nitrate, sthle endproducts of NQwere measured by the Griess reaction. This assay depends
on the enzymatic reduction of nitrate to nitrite, which is thenverted into a colomed azo

compound that can be detected spectrophotometrically at 540 nm (Mestzg&995).

3.6.7. IntestinalO," production
The level ofO,” production in freshly minced intestinal biopsy samples was assessed by the

lucigeninerhanced chemiluminescence assay of Ferdinahdy (2000). Briefly, approximatel25

mg of I ntestinal tissue was placed in 1 ml
lucigenin. The manipulations were performed without external light 2 min ddtdr adaptation.
Chemiluminescence was measured at room temperature in a liquid scintillation counter by using &
single active photomultiplier positioned in exftcoincidence mode, in the presence or absence of
the SOX scavenger nitroblue tetrazolium (NBT 2 0  O-Inbibited BhBrililuminescence was

considered an index of intestinal SOX generation.

3.6.8. Intestinal nitrotyrosine level
Free nitrotyrosine, as a marker of peroxynitrite generation, was measured by ¢inkgahe

immunosorbent assg§ELISA) (Cayman Chemical; Ann Arbor, MI, USA). Small intestinal tissue
samples were homogenized and centrifuged at 15000 g. The supernatants were collected ar
incubated overnight with antiitrotyrosine rabbit IgG and nitrotyrosine acetylcholinesterase tracer

in precoated (mouse antia b b i t l gG) micropl at es, foll owed
Nitrotyrosine content was normalizéadl the protein content of the small intestinal homogenate and

expressed in ng ny

3.6.9. Measurement of plasma TNFU , -11bL, -6 dndl.IL-10
Blood samples (0.5 ml) were taken from the inferior vena cava into precooled-E@T&ining

polypropylene tubes, centrifuged at 1000gZr mi n at 4 AC,-7@®nAC twhretni Is
Plasma TNFRU |L-1 b , -6 dnd. IL-:10 concentrations were determined by means of commercially
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available ELISA (Quantikine ultrasensitive ELISA kit for rat TNG -0l b, -6 &nd 11-10;
Biomedica Hungaria Kft, Hungary). The minimum detectable levels of ratUNFa n-H b drei<

5 pg/ml, that of rat IL10 was < 10 pg/ml and the mean detectable dose of-@tlas 21 pg/ml.

3.6.10. Measurement of plasma histamine
Blood samples (0.5 ml) were taken from the inferior vena cava into precooled-E@¥&ining

polypropylenetube, centri fuged at 1000g f &0 AT minn id
Plasma histamine concentrations were determined by means of a commercially available enzyme
linked immunoassafEIA) (Quantikine ultrasensitive EIA kit for rat histaminepBiedica Hungaria

Kft, Hungary).

3.6.11. Haemodynamic measurements
The MAP and SMA blood flow signals were monitored continuously and registered with a

computerized datacquisition system (SPELL Haemosys; Experimetria Ltd., Budapest, Hungary).
The mesentér vascular resistance (MVR) was calculated via the standard formula (MVR = {MAP
MVP) / SMA flow), where MVP is the mesentericn@ispressure.

3.6.12. Intravital video-microscopy
The intravital orthogonal polarization spectral imaging technique (Camoa¢R, Cytometrics,

PA, USA) was used for neimvasive visualization of the serosal microcirculation of the ileui 3

cm proximal from the coecum. This technique utilizes reflected polarized light at the wavelength of
the isobestic point of oxyand deoxfiaemoglobin (548 nm). As polarization is preserved in
reflection, only photons scattered from a depthid B 0 ¢ mibute @ mMmiage formation. A X0
objective was placed onto the serosal surface of the ileum, and microscopic images were recorde
with an SVHS video recorder 1(Panasonic AGL 700, PanasonicNJ, USA). Quantitative
assessment of the microcirculatory parameters was performédeolfy frameto-frame analysis of

the videotaped 1 mages. The V) ehhngéslinottupdstcapidary! Vo
venules were determined in three separate fields by means of a coagaisérd image analysis
system (IVM Pictron, Budapest, Hungary). All microcirculatory evaluations were performed by one

investigator.

3.7. Statistical analysis
Data analsis was performed with a statistical software packd@gmaStat for Windows;

Jandel Scientific, Erkrath, Germgnyr StatView 4.53 for Windows software (Abacus Concept Inc.,
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Berkeky, CA, USA) Due to the noiGaussian data distributipnon-parametric rmthods were used.
Oneway ANOVA and postsduests vare uBed ®iDthe histologyme-dependent

di fferences from the baseline were assessed
analysed with KruskalWallis oneway ANOVA onranksf ol | owed by Dunnés m
multiple comparison. In the Figures and Resuttedian values (M), 75(p75) and 2% (p25)
percentilesand me a n N &e @iverM p<0.05 and p<0.001 were considered statistically

significant.

4. RESULTS

4.1. Body weight and bdy temperaturafter LPS injection
During the experimentsthe food intake of the animals remained constant, and there was no

statistically significant difference in body weight between the different groups (control group:
195N15-trgg edd PSroup: pr@3INeAtegd BCoup: 191N8 g)

LPS promoted a significant febrile reaction, which reached a peak at 6 h after LPS
administration (M:38.8; p25:38.6; p75:39.1) as compared with the control group (M:37.3; p25:37.1;
p75:37.5); there was@ecreasing tendency in the LPS + PC group (M:38.7; p25:38.600; p75:38.8),
but the difference was not significant statistically (other data not shown).

4.2. BBB changesafter LPS injection
24 h after LPS administration, there were no differences betweeviRhvalues of the various

groups (LPSreated animals: M:0.87; p25:0.83; p75:0.89;-pt€treated group: M:0.89; p25:0.87;
p75:0.91; salingreated group: M: 0.9; p25:0.87; p75:0.93).

4.3. Neurogenesis in the rat hippocampuadgter LPS injection
The numbes of BrdU-positive and DCXabeled neuroprogenitor cells in the hippocampus are

presented in Figurgé. Exposure to LPS decreased the neuroprogenitor cell number significantly (to
zero, M=0) as compared with the control group (M:0.037; p25:0.0115; p752).09%C
pretreatment prevented the decrease and resulted in a significantly higher number of neuroprogenitc
cells (M:0.04; p25:0; p75:0.0588).
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Figure 1. Bromodeoxyuridineand doublecortindoublelabeled neuroprogenitor cells oday 7
after lipopolysacharide (LPS) injection. The white box blot demonstrates the saéaged group,
the gey box plot the LP&eated group and the hatched box plot the phosphatidylcholine- (PC)
pretreated group. PC pretreatment prevented the decrease and resulted infiaasity higher
number of newborn cells. Median values and 2hd 25" percentiles are given. 05 was
considered statistically significantp<0.05 relative to the salin&reated control group?p<0.05
relative to the LPSreated group.

4.4. Microglia accumulation in the hippocampuafter LPS injection
The immunohistochemical analysis of the hippocampus showed that LPS treatment was

accompanied by a statistically significantly higher number of microglia (M:2.2; p25:1.4; p75:3.6)
than after the admisiration of saline alone (M:0.348; p25:0.263; p75:0.639). In thereéeated
group, the cell number was significantly lower (M:0.716; p25:0.404; p75:1.489) and did not differ
significantly from that observed in the control group (Fig2)re

Microglias on day 7 / field of view

.i. 1 &

Control LPS LPS + PC
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Figure 2. Figure showing theonizedcalcium-binding adaptermolecule ipositive microglia of the
hippocampus on day 7 of the observation period after the lipopolysaccharide (LPS) treatment. The
white box blot demonstrates the safineated group, the @y box plotthe LPStreated group and

the hatched box plot the phosphatidylcholine @@dtreated group. Median values and™7&nd

25" percentiles are given. <05 was considered statistically significalfi<0.05 relative to the
salinetreated control group’p<0.05 relative to the LR8eated group.

4.5. MPO and XOR activities in the colon, ileum and hippocampafter LPS injection
There was a statistically nesignificant tendency for the MPO activity in the colon to be higher

in the LPStreated group than imé controls, and we observed a similar increase in XOR level (data
not shown). The MPO and XOR activities in the-p@treated groups remained at the control level.
In the ileum and the hippocampus, the activities did not change and we did not demanstrate
betweergroup differences (data not shown).

4.6.Plasma TNFU a n-@ cohcéntrationsafter LPS injection
The plasma TN®J | evel at 3 h after the LPS admin

was significantly higher than in the salitreated grop (M:0.9, p25:0.8 p75:1.0). The R&riched
diet significantly reduced the LPSduced inflammatory reaction (M:428.4; p25:394.7; p75:550.3).

The values at later time points were not different from the baseline (Rgure

2500 -
= LPS
2000 { 4y EX3 LPS + PC
i85 | C— CONTROL
1000 - o
500 - =

Plasma TNF- o levels (pg / ml)

= PR OB ———

3 hours day 1 day 3 day7

Figure 3. Plasmatumour necros factor alphachanges on a time scale from 3 h to day 7 after
lipopolysaccharide (LPS) administration. The white box blot demonstrates thetsahited group,
the gey box plot the LP&eated group and the hatched box plot the phosgilatioline (PC)
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pretreated group. Median values and"7and 25" percenties are given. p8.001 was considered
statistically significant®p<0.001 relative to the salireated control group’”p<0.001 relative to
the LPStreated group.

The IL-6 concentrations were €0 significantly higher at 3 h after LPS exposure, though the
levels declined thereafter. In this case there was no significant difference between the data for the
LPStreated group (M:4578.9; p25:3576.4; p75:4836.2) and those for therd@@ated group
(M:5098.8; p25:4232.7; p75:5866.1). At later time points, the values did not differ from those for
the control group (M:77.6; p25:14.5; p75:112.4).

4.7.Tissue nitrite/nitrate levels in the hippocampus and ilewafier LPS injection
In the hippocampus, a sigicantly elevated nitrite/nitrate level was found 3 h after LPS

administration; later, differences were not detected (FigureC pretreatment did not influence this
early difference. In the ileum, there was a significantly increased nitrite/nitrskitethe LPS
treated group as comal with the control group 3 &fter the LPS administration and on day 1 of
the experirental period. This elevatidater decreased and by day 7 differences were not observed

between the groups (data not shown).
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Tissue nitrite / nitrate level of the hippocampus

Figure 4. Tissue nitrite/nitrate changes on a time scale from 3 h to day 7 after lipopolysaccharide
(LPS) administration. The white box blot demonstrates the stkaged group, the @y box plot

the LPStreated group and the hatched box tpthe phosphatidgholine (PC)-pretreated group.
Median values and 75and 2% percentiles are given. @05 was considered statistically
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significant.”p<0.05 relative to the LR8eated group at 3 after LPS treatment. *pg.05 relative
to the LPStreated group on day &nd day 7.

4.8. Histology of the ileum and the coloafter LPS injection
The light microscopic evaluation demonstrated the development of a mild inflammatory

reaction, with slight, but not significant tissue damage in thett®8ed group, though the ldad
this injury did not differ markedly between the groups and was not influenced significantly by PC
pretreatment. Figur@A depicts the damage to the ileum, and FigiBehat to the colon.
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Figure 5. Figures showng the resultsof the light microscopi semiquantitative evaluations in a
score system from 0 to 3. The white box blot demonstrates the-tsaéiterd group, the @y box
plot thelipopolysaccharide (P9S-treated group and the hatched box plot the phosphilatioline
(PC)-pretreated group. &el A shows the damage to the ileum; panel B defhetmjury of the
colon. Median values and #%&nd 2% percentiles are given.

4.9. Mesenteric IR and hemodynamichanges
There were no significant changes in the haemodynamic parameters duringdhenent as

compared with the baseline values in the slogerated group. A decreasing tendency in MAP was
found in all IR groups as compared wirh the shparated group (M:103.5; p25:97.53; p75:115.07)
and it remained at this low levehtil the end of lhe experiment (IR group: M:88.04; p25:81.74;
p75:93.65; IR + GPC: M:73.48; p25:67.5; p75:85.18). MAP was elevated in the GPC + IR group
(M:92.81; p5:84.79; p75:100.82)There was no statistically significant difference in HR between
the different groupsuting the experiment (data not shown).
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In the IR group (M:19.61; p25:13.71; p75:26.38), there was a significant elevation in MVR
relative to the control value (M:5.82; p25:4.4; p75:6.78) up to 225 min of the reperfusion. This
parameter exhibited a pronowtcreduction in the GPC + IR group (M:9.72; p25:8.06; p75:12.96)
and a tendency to diminish in the IR + GPC group (M:1(028:9.23; p75:11.61) (Figure.6

30 { —O— Sham-operated
—— IR

—— GPC+IR
—+ IR+ GPC

25

20 A

15 ~

10 A

Mesenteric vascular resistance {(mmHg mI"min'1)

-30 0 45 60 75 105
Time (min)

135 165 195 225

Figure 6. Mesenteric vascular resistance changes during the experiments. The empty circtés joine
by a continuous line relate to the shamperated group, grey triangles to the ischaemgperfusion

(IR) group, empty diamonds to tlgé/cerylphosphorylcholine (GP&retreated group and empty
squares to the GPC peseated group. Median values and"7gnd 25" percentiles are given.
*p<0.05 relative to the baseline value (within group$)<0.05 relative to the shawperated

control group.

After the ischaemia, the SMA flow was significantly reduced in the IR group (M:4.08;
p25:3.24; p75:5.4) relativeotthe sharoperated group (M:14.52; p25:11.7; p75:17.99), but this
difference was not observed in the IR + GPC group (M:6.67; p25:5.8; p75:7.56). Moreover, there
was an unequivocal tendency for this parameter to increase in the GPC + IR group (M:7.53;
p255.65; p75:9.14) as compet with the IR group
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4.10 Microcirculation after mesenteric IR
The RBCV of the serosa was examined as a quantitative marker of the ileal microcirculatory

condition. The RBCV was significantly decreased in the IR group (M:66R469.25; p75:706.5)

as compared with the shamperated group (M:939.67; p25:737.75; p75:1046.5). IR + GPC
(M:1228.03; p25:1153.75; p75:1256) caused a significant elevation and normalizedirldeid&d
reduction in RBCV by 15 min of the reperfusion perideh increasing tendency was seen in the
GPC + IR group (M:966; p25:774.75; p75:1279.94) (Fig0re
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Red blood cell velocity (um s™")

Baseline 15t min of 180™ min of
reperfusion reperfusion
Figure 7. Red blood cell velocity changes during the experiment. The white box blot relates to the
shamoperated group, the damfirey box plot to the ismemiareperfusion (IR) group, the striped
box plot to theglycerylphosphorylcholine (GPretreated group anthe checked box plot to the
GPGCposttreated group. Median values and™7and 28" percentiles are given. *p05 relative to

the baseline vaki (within groups)?p<0.05 relative to the IR group.

4.11.Biochemical parameterafter intestinal IR and GPC treatments

4.111. Oy production in the small intestine
The ROSproducing capacity of the small intestinal biopsy samples did not changeshatimre

operated animals. By 15 min of reperfusion, there was a significant enhancement in the IR groug

(M:2019.45; p25:1814.52; p75:2349.35) relative to the baseline value and also thepsratad
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group (M:1182.22; p25:1046.59; p75:1340.01). Both GPC fMm58; p25:856.07; p75:1476.28)
and IR + GPC treatment (M:1228.033; p25:839.1; p75:1568.12) resulted in an appreciable reductior
in the O, level as compared with the IR group. This tendency was maintained until the end of the

experiments (Figur8).

— IR
* =3 GPC +IR
<= 2500 - ===a IR + GPC
—— Sham-operated

2000 -

1500 -

1000 - @%

500 -
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Baseline 15™" min of 180™ min of
reperfusion reperfusion
Figure 8. Superoxide production in the small intestine. The white box blot relates to the sham
operated group, the daifgrey box plot to the ischaemiaperfusion (IR) group, the striped box plot
to the glycerylphosphorylchine (GPC)pretreated group andhe checked box plot to the GPC
posttreated group. Median values and"7&nd 25" percentiles are given. *p&05 relative to the

baseline value (within groups).

4.112. XOR activity in the small intestine
XOR is activated during IR and produces a consiole amount of @. At the end of the

experiments, we observed a significantly higher XOR activity in the IR animals (M:78.6; p25:67.74;
p75:80.18) than in the shaoperated ones (M:41.78; p25:27.37; p75:55.97). The XOR activity was
also significantly edvated in the GPC + IR group (M:78.06; p25:72.48; p75:84.51). In contrast, the
XOR activity was significantly lower in the IR + GPC group (M:19.01; p25:14.28; p75:21.33) than
in either the IR or the GPC + IR groups. The IR + GPC treatment proved higbtyhedf against
ROSproducingmechanisms (Figure)9
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Figure 9. Xanthine oxidoreductase activity in the small intestine. The white box blot relates to the
shamoperated group, the damfirey box plot to the ischaemiaperfusion (IR) group, the striped

box plot to theglycerylphosphorylcholine (GPretreated group and the checked box plot to the
GPGCposttreated group. Median values and"7and 28" percentiles are giverip<0.05 relative to

the sharoperated control group?p<0.05 relative to the IR gray ©p<0.05 relative to the GPC

pre-treated group.

4.11.3. Tissue nitrotyrosine level
Nitrotyrosine formation is a marker of nitrosative stress within the tissues, and correlates with

peroxynitrite production. IR (M:2.61; p25:2.12; p75:3.08) resulted irnigaifEcant increase in
nitrotyrosine level relative to the control group (M:1.45; p25:1.34; p75:1.86) at the end of the
experiment. In both the GPC + IR (M:1.32; p25:1.05; p75:1.66) and the IR + GPC group (M:1.54;
p25:1.21; p75:1.57), however, this increadid not take place, and the nitrotyrosine content

remained at the control level (Figurg)1
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Figure 10. Nitrotyrosine level in the small intestine. The white box blot relates to the- sparated
group, the darkgrey box plot to the ischaga-reperfusion (IR) group, the striped box plot to the
glycerylphosphorylcholine (GP&retreated group andhe checked box plot to the GROst
treated group. Median values and"7&nd 25" percentiles are giverip<0.05 relative to the sham

operated catrol group; “p<0.05 relative to the IR group.

4.12 Early effects ofbrain irradiation
3 h afte irradiation,the pro- and antiinflammatory cytokindevelswereincreased significantly

in the peripheral circulation.

The irradiation of the rat hippocamgpwas accompanied by a significant plasma INF | e v e |
elevation (M:20.7; p25:18.7; p75:23.2) as compared with the control group (M:9.7; p25:9.3;
p75:10.06) (Figurdl).

The IL-6 concentration was also significantly higher at 3 h after radiation exposusé7/<;
p25:297.4; p75:422.3 vs saline treatment: M:289.6; p25:264.7; p75:323.9) (Fyure 1

In the case of the plasma-1Lb , no di ff er e baween theyveont®l amdbhe e r
irradiated groups(control: M:126.5; p25:119.8; p75:129.9; irradiateit:122.3; p25:116.7;
p75:143.8; Figure 3).

The IL-10 plasma leveivas significantly higher 3 h after the irradiation (M:90.7; p25:82.6;
p75:102.1; Figured) than in the salinéreated control group (M:4.1; p25:1.2; p75:5.04).
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The hippocampus irradiatiomlso resulted in a significant elevation (M:49.6; p25:44.3;
p75:63.9; Figure 3) in plasmahistamine level as compared with the fioadiated control group
(M:23.9; p25:16; p75:33.1).

4.13. Acute effects peripheral GPCadministration afteibrain irradiation
The i.v. GPC treatment protocol reduced the increase in-ONFI e v e | (M:12. 8

p75:13.6) significantly (Figurell), and decreased the elevating tendency in6IL(M:333.2;
p25:298.2; p75:345.5), the plasma level then not differing significdram that for the control

group (Figure 2). Thelevel of plasmalkl b di d not di f ftieatrinthe cogtmliof i c a
the irradiated group$GPGtreated: M:132.7; p25:129.5; p75:137.8; Figu®.IGPC treatment
likewise significantly reduced éhirradiationinduced 11-:10 reaction(M:19.5; p25:16.3; P5:22;

Figure M). Again, after the GPC treatment, the histamine concentration remained at the control
level (M:25.3; p25:23.7; p75:28.Figure 15.

4.14. Late effects of brain irradiation
We exanined the latéhistopathologicatonsequencesf hippocampus irradiatiod months

after the irradiationSigns of necrosis, macrophage density and reactive gliosis were evatutied
irradiated region of the brain aftd0 Gy dose The irradiated grougisplayed moderate necrosis
that affected the gneand white matter (Figure6l. The density of the foamy macrophages (Figure
17) andthe grades of reactive astrogliosis (FiguB Were significantly elevated in the irradiated
group as compared with tieentrol animals.

4.15. Late effects of GPC after brain irradiation
The H&E-stainel slides of the contrpl nonirradiated animals, and the nosrradiated

hemisphereof the brain of tharradiatedor GPGtreatedanimals exhibited ndnistopathological
signs or pathological alterations. In irradiated hemisphergeghe GPC treatment significantly
decreasedhe irradiationcaused histopathological changasd significantly attenuated the degree
of the necrosis (Figure6), macrophage density (Figur@)land reative gliscsis (Figure 8) in the

brain.
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Figure 11. Plasmatumour necrosis factor alpha NF-U) changes after hippocampus irradiation.
The white box blot relates to the salitmeated group, the darlgrey box plot to the irradiated group
and thecheckedox plot to the glycerylphosphorylcholine (GP@®ated group. Median values and
75th and Bth percentiles are given. *p<0.05 relative ttte salinetreated control group. #p<0.05

relative to the irradiated group.
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Figure 12.Plasmainterleukin 6 (L-6) level 3 h after 40 Gy hippocampus irradiation. The white box
blot relates to the salineated group, the dargrey box plot to the irradiated group and the
checkedbox plot to the glycerylphosphorylcholine (GP@ated group. Median values and 75th
and 25th percentiles are given. *p<0.05 relative to the satiaated control group.
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Figure 13. Plasmainterleukin tbeta (L-1 pblevel 3 h after 40 Gy hippocampus irradiation. The
white box blot relates to the salitieeated group, the darlgrey box plot to the irradiated group and
the checkedox plot to the glycerylphosphorylcholine (GPt@®ated group. There was no statistical

difference between the groups. Median values affthitl 23" percentiles are given.
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Figure 14. Plasmainterleukin 10 [L-10) level changes. The white box blot relates to the saline
treated group, the dargrey box plo to the irradiated group and theheckedbox plot to the
glycerylphosphorylcholine (GP@)eated group. Median values and"7&nd 23" percentiles are
given. *p<0.05 relative to the salifeeated control group’p<0.05 relative to the irradiated group.
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Figure 15. Plasma histamine level in the peripheral circulation 3 h after hippocampus irradiation.
The white box blot relates to the salimeated group, the dargrey box plot to the irradiated group
and thecheckedox plot to the glycerylphosphorylgime (GPC)treated group. Median values and
75" and 2%" percentiles are given. *p<0.05 relative to the saltneated control group”p<0.05
relative to the irradiated group.
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Figure 16. The extent of necrosis 120 days after brain irradiation. Thekbtalumn relates to the
salinetreated group, the white column to the glycerylphosphorylcholine (&fe@jed group, the
dark-grey column to the irradiated group and the grey column to the irradidetdGPCtreated
group. Mean N S. E*pP&0.00Y relbtiveetss the ssalimdreajed coatrol. group.
##h<0.001relative to the irradiated group.
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Figure 17. The occurrence of foamy macrophages 120 datexr brain irradiation. The black
column relates to the saliteeated group, the white columto the glycerylphosphorylcholine
(GPC)treated group, the darlgrey column to the irradiated group and the grey column to the
irradiated, but GPGt r eat ed gr oup. Mean N S. E. M. val ues

salinetreated control group’*p<0.001relative to the irradiated group.
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Figure 18. The degree of reactive gliosiBhe black column relates to the salineated group, the
white column to thglycerylphosphorylcholine (GP@jeated groupthe darkgrey columnto the
irradiated groupand the greycolumnto the irradiated but GPGtreated groupMe an N S. E
values are given. ***p<0.001 relative to the salitreated control group™p<0.001 relative to the

irradiated group
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5.DISCUSSION
Inflammation is in the first line of complexrqiective responses during infections, injuries,

ischaemia or traumas of the human body. Qatia have provided experimentalevidence forthe
significant inflammatoryreactionin the CNS during the acute phasg peripheralLPSinduced
inflammation, andalso after brain irradiation Furthermore,our resuls have furnishedgood
evidence forthe antrinflammatory and neuroprotectivefficacies of PC andGPC treatmentsin

theserodentmodes.

5.1.Neurogenesis in the hippocampus
One of awr main goad was to tudy the shorterm consequences of an acute peripheral

inflammatory challengén the CNS and to design and test potential preventive therapy with which
to influence such events. Neural stem cells are localized in two areas in the CNS: in the
subventricuhr zone, along the lateral wall of the lateral ventricle (DoaasdScharff, 2001), and in
the subgranular zone of tB&s of the hippocampus (LimkandRao, 2002). The hippocampus is the
site of the formation of lonrterm memory, allowing for the compsoin of experiences and thereby
determining the choice of an appropriate stress response (Akralif 2009). In this region, new
neurons develop from proliferating progenitor cells (Gage, 2002) and mature into functional neurons
(van Praaget al, 2002), contributing to cognitive functions such as learning and memory
(Kempermanret al, 2004 Shorset al, 2001). Furthermore, hippocampdispendent learning tasks
increase the proliferation of neuronal progenitors in the subgranular zone, and also phamote t
survival of newly generated neurorBrépeauet al, 2007 Gould et al, 1999). Although little is
known about the exact molecular mechanisms that regulate neural stem cells, neurogenesis can |
depressed by a number of factors, and therapeutic appsaoh extensively sought through which
to preserve the cognitive CNS functions.

Since preinflammatory compounds, cytokines, NO and other mediators released by the immune
cells negatively regulate adult neurogenesis ir@gLiu et al, 2006 Monje et d., 2003; Vallieres
et al, 2002) it has been suggested that microglia activated by different types of injury signals may
control the formation of new neurons. Overactivation of microglia can result from oxidative stress
molecules, isciemia or trauma, bbf which promote intracellular sigheng cascades (Fernandet
al., 2008; Moralest al, 2010). Reactive microglia can migrate along a chemotactic gradient to
reach the site of injury, and pmflammatory cytokine production can cause neuronal darbgge
enhancing oxidative stress or activating-ciath pathways (Chet al, 2009).
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5.2.LPS-induced changes in the Gl tract and in the CNS
A single dose of LPS produced a significant neuroinflammatory reaction in the brain tissue,

while the intestinal dmage and mucosal MPO, XOR and NO changes (effector molecules
downstream of N B activati on) were | ess pronounced
underlined the relative susceptibility of the brain to inflammatory consequences of transient,
seemingy innocuous peripheral stimullhese data alssupport the notion thaieripheral TNFU
productioncanplay a detrimental role in neural survival or differentiation in the hippocambpius (

et al, 2005;Monje et al, 2003; Vezzanet al, 2002). Inflammtory mediators may influence the

CNS through different pathways, passively through afferent nerve conduction, through the
circumventricular organs (i.e. areas lacking the BBB), by activation of the brain endothelium, or by
active transport (Banks, 2006; dlimg et al, 2007). LPS itself can be carried by the cerebrospinal
fluid where it crosses the ependyma of the third ventricle. In this way, it can stimulate the resident
immune cells directly via the CD14 receptor (Lacretxal, 1998; Rivest, 2003), tether with the
extracellular adaptor protein MP and the TLR4 receptor (Beutler, 2004), causing the direct
activation of innate brain immunityA{d et al, 2008 Montine et al, 2002). TLR4 is abundantly
expressed by neural stem/progenitor cells ahdstbeen shown that LPS decreases the proliferation
of cultured neural stem/progenitor cells via an {dFBdependent mechanism. Alternatively,
peripheral LPS activates the synthesis of inflammatory mediators, primarilyUTNF1] IL-6,
chemokines, PMN enzymes anBNOS (Montine et al, 2002 Quan et al, 1994), and the
inflammatory cascade may be transduced to the CNS via4TeBRd TNFU r ecept or p
(Chakravartyet al., 2005).

5.3. Effects ofdietary PC supplementation
We studied the effects of a R&iriched diet on biochemical and histological indices of Gl and

hippocampal damage in the LR8allenged rat. Oral PC supplementation significantly decreased
theplasma TNFU | ev e | as compar elhbllengédtahimats larad tprevented theh e
remote neuroinflammatory signs of L#®luced endotceemia. Interestigly, early reports
demonstrated that immunization with PC drastically reducesegyglated TNFU product i
parasigemic mice, in correlation with a shift from a TFhipe to a protective ThBpe immune
response (Bordmanet al, 1998). In this line, #C-enriched diet inhibited TNl pr oduct i o
did not block LPSnduced I-:6 production. MancilleR a m? et alz(1995) examined a similar,
LPS-induced septic reaction in newborn rats, and demonstrated greater circulating level, of IL

together with mtense splenic de@matopoiesis and an improved survival rate after PC treatment.
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Overall, these results suggest an immunomodulatory, protective role for b6tlard PC in the
acute response to Gramegative bacterial infection.

Various anttinflammatory adugs have been shown to repress microglial activation and to exert
neuroprotective effects in the CNS (Morge al, 2003; Tyagiet al, 2010), but in this respect,
targeted nutritional intervention has many advantages. PC is readily taken up by phagisytic
(Clelandet al, 1979) and, accordingly, it may accumulate in inflamed tissues (Mietrala2008).
Other in vitro data have shown that dipalmiteRlC modulates the inflammatory functions of
monocytic cells (Tonket al, 2001) and that a mixtuf PC and phosphatidylglycerol inhibits the
respiratory burst an@,” generation of human PMN granulocytes (Clea@l, 1995). Orally taken
PC serves as a slewelease blood choline source (Wurtmetnal, 1977; Zeisekt al, 1991). The
choline componet of PC may participate in a wide range of responses, including interference with
the mechanism of activation of the PMN leukocytes (Matjal, 2003), and this pathway may
become important under inflammatory stress conditions. Moreover, it has been 8tai the
prenatal availability of choline has lotgrm consequences on the development of the hippocampal
cholinergic system and neurogendsi&ed responses to enriching experiences in adult animals
(Cermaket al, 1999 Glennet al, 2007).

5.4. The protective mechanism of PC
The design additionally allowed us to differentiate between direct and indirect effects of

peripheral LPS and dietary PC treatments. The size of the PC molecule prevents its entry into the
brain across the BBB, but an increasketary PC uptake prior to the LPS challenge was associated
with enhanced antnflammatory protection in the hippocampus and with significantly decreased
plasma TNFU concentrations. Thus, i t -indscedrsecandaoyn a b
peripheal inflammatory signals, including TNB, trespassed over the BB
PC or PC metabolites were able to interfere with the spread of inflammatory signalization at the
periphery.

Decreased hippocampal and Gl tissue NO levels werewaasafter PC therapyAlthough the
source of NO generation was not investigated in this model, the INOS in the macrophages and PMN
granulocytes is upegulated during inflammation, and the iN@&rived NO has been implicated in
several aspects of the inftenatory cascade in the CNS and the periphery. In line with these data,
FAs and PC both inhibiin vitro NO generation by iINOS (Mayhan, 1998nhd we earlier reported
that i.v. PC treatment inhibited the INOS activityvivo (E r Rtsal, 2006).Moreover both PC

pretreatment and PC therapy considerably decreased the expression of INOS in a mouse model
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rheumat oi d etrat, R009).tSinese NO PplayR a role in the breakdown of the BBB
(Mayhan, 1998), such an effectf C may also be linked to a decreased degree of

neuroinflammation.

5.5.MesenteridR-induced inflammationand the effects of GPC
IR injury of the intestine is an iportant factor associated witiigh morbidity and mortality in

both surgical and trauma tgents (Koikeet al., 1993). It is of importance in situations such as aortic
aneurysm surgery, cardiopulmonary bypass, strangulated herniastalaeecrotizing enterocolitis
and intestinal transplantation (Collard and Gelman, 2001)R injury of theintestine also occurs
in septicand hypovolemic shockMoore et al, 1994; Swank and Deitch, 1996). Interruptiorttod
blood supply results in iseamic injury which rapidly damages metabolically active tissues.
Paradoxically, restoration dfie blood flow to the isclaemic tissue initiates a cascade of events that
may lead to additional cell injy which mightexceed the original isekmic insult (Stallioret al,
2002). Among the internal organs, the intestine is probably the most sensitigbatmmia(Granger
et al, 1986; Yamamotet al, 2001)and uponrestoration of the blood supptire molecular and
biochemical changes that occur during ischaemia predispose tarfR@i&ted damagg@ong et al.,
1998).To this end, eperimentallR has become a widelysed technique for the investigation of
standardized, antigendependent inflammation. Acute IR models are typically characterized by the
release of soluble inflammatory mediators, cellular and subcellular functional changes including the
activation of PMN leukocytes and the production of, among othR@SandRNS (DeGraba 1998;
Sasaki and Joh 2007).

We used thidR setup to determine the antflammatory effectiveness of GPC, a deacylated
PC metabolite More directly, we administered GPC in equimoldosewith the effective anti
inflammatoryPC dosesin a mesenteric IR model, tdetermine which part of the PC molecule is
antrinflammatory, the polar or th&A moieties Our results demonstratethat intestinal IR
decreased the MAP, the SMA flow and theeamural RBCV, and increased the MVR significantly.
At the same time, th®,", XOR and nitrotyrosine levels were elevated significantly in the small
intestine. Overall, these data furnish evidence concerning the evolution of hypoxia/reoxygenation
inducel, antigerindependent inflammation. In contrast with this, GPC treatmenonlystabilizes
the RBCV in the intestinal wall, builso normalizegshe macrocirculationGPC administration
exerted pronounced effects on the inflammatory process by low@singroduction and the activity
of XOR, a prototype of ROfroducing enzymes. ROS are generated in the inflamed mucosa mainly

by the mitochondria, XOR, activated phagocytic PMN leukocytes via the NADPH o)ggiasam
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and uncoupled eNO®uring ischaemiahe synthesis of vasodilator NO is suppressed due to the
absence of the required -€actors, while at the beginning of reoxygenization a numbe®0f
producing enzymes, including XOR, become active, leading to peroxynitrite productioet @liu

1997). The net result of these reactions is the enhanced effect of vasoconstrictor mediators. Oul
results clearly demonstrate the role of nitrosative stress and the effectiveness of GPC in decreasin
nitrotyrosine formation. The data additionally indicate thatCGReatment moderates the
vasoconstrictive effects of IR. In this regard, not only the macrocirculation, but also the
microcirculatory changes in the small intestine are influenced. Practically speaking, we gained
information on the intramural RBCV; sigiaantly reduced values were found in the IR group. Due

to the occlusion of a main perfusing artery, the tissue microcirculation was impaired and recovery
took a longer time after the-mstablishment of the blood flow. In contrast, the microperfusion was
significantly improved in the GP@eated animals. GPC administration resulted in identical
biological effects to those previously observed in simitavivo models and PC therapy involving

an equimolar dosage (Geea al, 2007; Vargeet al, 2006). Thisdemonstrates indirectly that PC
derived lipids do not participate in this action, and the data suggest that the active component is th
choline head group. In this regard, GPC may possibly possess a meiptmimotve effect,
promoting regenerative progEs or conserving the doubipid layer, thereby preserving the
original form and function of the cells.

5.6. Brain irradiation-inducedneuroinflammation andchangesn the peripheral circulation
We have developed a special technique for partial braadiation restricted to well-defined

area, including the hippocampus and corpus callosum, in one hemisphere in small animals, similarly
to human brain tumour radiotherapy, as recommended by others (&alal, 2013). The
experimental setip andthe seletion of proinflammatory cytokines was based on their known key
roles in the mediation of signals in a wide spectrum of CNS cell types that exedl celas in

acute inflammation (Dinarello, 1996;ocksley et al, 2001) There have been several reports
demonstrating that the overexpression of TMF an-i b | enes may be ass
molecular responses of the brain to irradia{iGaberet al, 2003;Hong et al, 1995; Marquettet

al., 2003) Vice versait has been shown that peripheral FNFroguction plays a detrimental role

in neural survival or differentiation in the hippocampisu et al, 2005 Monje et al, 2003
Vezzani et al, 2003. However, the peripheral biochemical consequences of hippocampus

irradiation have not been charactedz®eviously.
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The study design allowed us to differentiate between direct, local and distant, peripheral effects
of brain irradiation. We obseed for the first time that 3 &fter brain irradiatiorthe inflammatory
cytokine levels are significantly eleeat at the peripherylhis phenomenon can be explained if
after irradiation a significant, local, pranflammatory response is activated in the brain, and
subsequently the BBB is temporarily opened. The functional, distant, otdamgconsequences of
this eventare still unknown, but 3 Rafter hippocampus irradiation wedso detected significant
charges in liver homeostasf{data not shown).

IL-6 is a multifunctional pranflammatory cytokine that plays a role in the mediation of the
inflammatory respores after totabody irradiation(Kishimoto, 2005) and recent studies have
suggested that elevated levels of@Lprotein expression may be responsible for the radiation
induced inflammation in the bra{hinard et al, 2003, 2004Marquetteet al, 2003) Furthermore, it
has been reported that the exposure of rodents tebidyl irradiation selectivg activated NFo B
and subsequently increased the mRNA expression ofNF-11UL -1 B L a s6dn lyimphoid
tissuegZhouet al, 2001)

In this line, histamine, mainly released by neurons and mast(Belitet al, 1990)can play
additionalroles inthe formation ofoedema in the rat brain. Although an augmented histamine
release is associated with hypoxia, ehia and brain traumg$lohantyet al, 1989) the exact
interactions of the compound in radiatimtluced CNS injuries are still largely umdwn.

The preinflammatory mediator release may be counteracted byased 110 production,
which downregulates TNE act i vi t y-termillaéhgroductiors(Huduo et g@l, 1999
Marshallet al, 1996) blocks NFe B act i vi t vy, and i s i nveSTATed i
signaling pathway; thus, it can be congidé to be an aninflammatory cytokine after irradiation
brain injury(Wardet al, 2011)

The hippocampus is the major brain area that plays a crucial role in the processes of learning
and memory (Izquierdo and Medina, 1997), and numerous data cleafiyncahat irradiation
causes a deterioration of these functidRaller, 2010Rolaet al, 2004; Yazlovitskayat al., 2006).

Inside thehippocampus, the DGs the region most susceptible to radiation (Monje, 2008);
moreover, this is the site of neurogsise(Monje and Palmer, 2003; Zhabal, 2008). An earlier
analysis of the histological changes led to the finding that brain irradiation modified the spine
density and also the proportions of the morphological subtypes in the dendrites of the DG granule
cells and the basal dendrites of the CAl pyramidal neurons, in adé@pendent manner

(Chakraborti et al, 2012). Pathological disturbances such as vascular damage and demyelination

49



are late conspiences of irradiation thatan likewise be revealed by lstological examination
(Brownet al, 2005).

5.7. The protective mechanism of GA@ irradiation-induced CNS neuroinflarmation
GPCis watersolubleand can rapidly deliver choline to the brain across the BBB (Parektti

al., 2007) thus it may be presdrin the irradiated area where TNFor ROS/RNSmediated actions

are expectedVe hypothesized that a compound wathti TNF-U e f f ects i nhi bits
other preinflammatory gtokines, and accordinglhe BBB remains intacindeed the peripheal
plasma levels of keinflammatory mediators were sidicantly modulated by GPC administration.
GPC is a precursor molecule of the neurotransmitter acetylcholine, and the agent was previousl
tested asa centrally acting parasympathomimetic drug in detize disorders and acute
cerebrovascular diseaseBafbagallo Sangiorget al, 1994 De Jesus Moreno Moreno 2Q03
Parnettiet al, 2001). Additionally, GPC acts aa PC precursor, and the increased uptake
membrandorming PLs, including PC, exerted amntrinflammatory influence in various
experimental studies. PC treatment can redwperfusioncaused tissue damagend elevate
toleranceto hypoxia (ElHariri et al, 1992, Geraet al, 2007). Other investigationfiave
demonstrated that PC is capablenabderating theO, -production in PMNIleukocytes, thereby
decreasing inflammatory reactions (Chetcal, 1995, Zeplinet al, 2010) and ATRlepletion after

IR (E r Btsal, 2009, Gerat al, 2007).

The study design allowed us to differentiate between direct and indirect effects of brain
irradiation but the site of GPC action can not be determiedda watersoluble, deacylated PC
analogue, GPC rapidly delivsecholine to the brain acroise BBB (Parnettiet al, 2007) and i.v.

GPC administration prior to the irradiation challenge was associated with enhanced anti
inflammatory protection.

Distinct effects of GP@reatment were clearly observieddifferent canponents of the reactipn
and in this respect a central mediatory role of TNF i s proposed in the
intracranial inflammatory response to the periphery. However, another possibility to influence
signals from the irradiated brain could be achieved through nerves cooatiumiwith the
periphery. Indeed, Marquettet al have demonstrated that-ILb | everesiricreased in the
hypothalamus, thalamus and hippocamsswereTNF-U  a n-@llevelslin the hypothalamus, 6 h
after partial body irradiation (Marquettt al, 2003), and accordinglyt was concluded that the
hypothalamus, hippocampus, thalamus and cortex react rapidly to peripheral irradiation by releasing

pro-inflammatory mediators. Vagotomy before irratiion prevented these respongelarquetteet
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al., 2003).Along these linesit could be hypothesized that the vagus nerve and the cholinergic anti
inflammatory system may be one of the descending pathways for rapid signalling with respect to
irradiation.

The stimulation of the U7 subunit of the n

also contribute to the beneficial effects of GPC. It has been shown that dietary supplementation witf

choline results in sel ecAChRs m multiple braanaegiens (Gusevat h
et al , 2006) and choline is a fetual, 19972 Jleractisntof o f
cholineasadireeact i ng U7 nAChR agonist may i mprove |

expressed at high lelgein the rodent hippocampus (Tribolket al, 2004) and has previously been
implicated in cognitive processing (Nott and Levin 2006). Nevertheless, the emerging evidence
suggests that the U7 nAChRs may be CMSawthe an't
periphery (Shytleet al, 2004). The study by Wangt al (2003) established a link between the
cholinergic activity of the vagus nerve and
NAChRs expressed on macrophages. Electricalution of the vagus nerve causes a significant
decrease iITNF release from macrophages, and the effects of vagal stimulation were blocked by
administration of U7 antagoni s etsl (20@nstowedlhate n t
exposure to atylcholine or nicotine reduces inflammatory markers following the administration of
LPS and that this effect is blocked by U7 ant
signalling inhibits cytokine activities and improves diseasepmdts in experimental models of IR,
haemorrhagic shock, myocardial ischaemia and pancreatitis (Betrak, 2002 Guarini et al,

2003; Mioni et al, 2005; van Westerloet al, 2006). Various immunologically competent cells
(e.g. lymphocytes and microgli@x pr ess U7 AChR, Sso there is
compounds that influence the function of the cholinergiciaffimmatory pathway (Trace002).

There arelimitations because a certain degree of leakage in the cobalt irradiator and the
possibility of an internal scatter effect cannot be excluded with certainty, and theoretically it is
possible that the body may have receivetl @y scatter irradiation. Nevertheless, all animals were
exposed to identical doses of irradiatiand betweengroup differences werthereforedetermined
unambiguously.

As a next stepwe extended the observation timedetect histopathological signs of irradiation
causecdchronicdamagen the brain It is recognizedhat after irradiationthe oligodendrocyteand
the white matter suffer necrosis (Shetral, 2012; Valk and Dillon, 1991). We therefaealuated

the degree of necrosis, macrophage densityraadtive gliosis4 months after radiotherapWe
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detected significant Hpairmentsn the brainand te level of histopathological deterioratioas
ameliorated significantly bpral GPC treatmenadministeredon 3 days per weekTheseeffects
may be indicative of a previously unknown ragokneuroprotective actiorwhich could be of

considerable therapeusignificance if reproduced in clinical practice.
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6. SUMMARY OF NEW FINDINGS

1. Peripheral LP$hduced inflammatory activation leads to microglia accumulation and
decreased neurogenesis in the hippocampus. This supports previous findings that LPS ca

transiently open the BBB and the inflammatory signs can pass into the brain.

2. Orally administered PC interferes with the spread of inflammatory signalization at the
periphery. PC supplementation did not reduce the overall extent of peripheral inflammatory
activation, but reversed the negative effects on brain neurogenesis, directly by lowering
circulaingTNFU concentr ati ons, ing®@NS microgiia accenwlkatiory by

3. GPC is antinflammatory inan equimolar dosevith the effective dose dPC. This finding
provides indirect evidence that the anflammatory effects of PC could be linked to a reaction
involving the polamoiety of the molecule.

4. Our data have provided evidence of the possibility of peripheral inflammatory activagion aft
hippocampus irradiation through the production of mediators {ONF -6 IL-10 and
histamine) that escape from the irradiated brain. GPC treatment significantly reduced the
irradiationinduced release of inflammatory mediat@sd GPC supplementatiomaytherefore

provide protection against irradiati@aused periphal proinflammatory activation.

5. We have developed an appropriate rodent model for the investigation of radioctherapy
induced histological changes in the hippocampus. Our data havedguoexperimental
evidence for thelongterm neuroinflammatory consequences of irradiation (necrosis,
macrophage accumulation and reactive gliosis) and the potent@abi@PC treatment to exert

a favaurable influence on such eversthe CNS
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