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Summary

The kynurenine pathway is one of the metabolicesuiy which the essential
amino acid tryptophan can be catabolised, produciogtinamide, a compound that is
essential for normal physiological function. Methdm through the kynurenine
pathway yields several neuroactive intermediatesluding L-kynurenine, which is
formed in the mammalian brain (40%) and is takenfngm the periphery (60%),
indicating that it can be transported across tlwwdsbrain barrier. It was discovered
some 30 years ago that compounds in the kynurefan@ly have neuroactive
properties. L-kynurenine, the central agent of {méshway, can be converted to two
other important compounds: the neuroprotective kgmig¢ acid and the neurotoxic
quinolinic acid.

Quinolinic acid is a neurotoxic agent, which camgraent the overexcitation of
excitatory amino acid receptors and can therefatse neuronal damage. It has similar
neurotoxic effects to those of glutamate in thecoe®x, striatum and hippocampus.
This glutamate mediated excitotoxic damage canecabsormalities in cellular €a
homeostasis, elevated production of reactive oxygeecies, and induce lipid
peroxidation. These processes of cell damage mapreeented by using another
metabolite of this pathway kynurenic acid.

Kynurenic acid which is one of the few known enduomgs broad-spectrum
antagonist of excitatory amino acid receptors, @sfig the N-methyl-D-aspartate
receptors behaves as a neuroprotective agentn iintgbit the overexcitation of these
receptors by binding the glycine allosteric siteorbbver, kynurenic acid non-
competitively blocks the activity of presynapii¢-nicotinic acethylcholine receptors.

Kynurenines have been shown to be involved in nthwgrse physiological and
pathological processes. There are a number of degemerative disorders whose
pathogenesis has been demonstrated to involvepleuithbalances of the kynurenine
pathway metabolism. It is extremely important tiet kynurenine pathway abnormality
should be suitably prevented or corrected whichlccattenuate the pathological
processes. Therapeutic use of kynurenic acid igcdlif enough since it has a very
limited ability to cross the blood-brain barrieh&aim is to develop different analogues
and pro-drugs of kynurenic acid, which can readilyss the barrier and display similar

effectiveness on the affected receptors to th&yobirenic acid.



In our experiments, we examined the effects of latively high dose of L-
kynurenine (300 mg/kg; i.p.), which leads to anvated concentration of kynurenic
acid in the brain. This effect was augmented bygigirobenecid (200 mg/kg; i.p.),
which prevents the discharge of the organic aaidsfthe cerebrospinal fluid. In our
studies, we tested the neuroprotective effecthes$d treatments in animal models of
epilepsy and transient global ischemia. To deteemire neuroprotective effects, we
investigated these drugs in electrophysiologicalstological and behavioural
experiments, too.

It is well known that kynurenic acid does not ré&adiross the blood-brain
barrier; hence, its use as a neuroprotective agenather difficult. The Department of
Physiology, Anatomy and Neuroscience and the Unstiof Medical Chemistry at the
University of Szeged have developed a new kynurewid analogue, glucoseamine
conjugate of kynurenic acid, which readily crossles blood-brain barrier, separate
glucoseamine and kynurenic acid in the brain, acdease the kynurenic acid level in
the central nervous system. In this study, we ewmathithe effects of peripherally
administered glucoseamine-kynurenic acid on hippped-evoked activity, in
comparison with peripherally administered pure kemic acid. These drugs were
administered alone, or in combination with probésec

Our results and the related literature indicate ithportance of the normal
function of the kynurenine pathway and the possiésl of neuroprotection with
kynurenine derivatives. Elevated levels of kynuceacid or its analogues in the brain
may reduce the overexcitation of excitatory amiom aeceptors and may modify or
arrest the progression of various neurodegeneralis@ders. This can offer a novel
therapeutic opportunity where the development es¢hcompounds promises a key for

brain neuroprotection.



Introduction

L-tryptophan (TRP), one of the ten essential anaiaids, is involved in protein
synthesis and acts as a precursor of many biolibgiaative substances. Besides its
participation in the process of protein synthegismammals TRP is metabolized in
several pathways. The most commonly known is theteeergic pathway, which is
active in platelets and neurons, and yields 5-ygHORP and then serotonin. TRP is
also the precursor of a pineal hormone, melatohitess well-known, but actually the
main alternative route for the TRP metabolismhretigh the kynurenine pathway (KP)
(Fig. 1), a cascade of enzymatic steps involvingiuenber of biologically active
compounds. It is noticeable that 95% of the TRPBaimbolised through the KP within
the brain. The metabolites of the KP, collectiveédymed ’kynurenines’, have been
shown to take part in many diverse physiologicatl grathological processes. In
particular, fluctuations in the levels of the kyenmines have discrete effects on the
nervous and immune systems. Although a centurypaased since the kynurenines
were first recognized as major catabolic produttERP, very little attention was paid
to their possible involvement in biological processintil the 1980s.

The first KP metabolite of TRP, which was recogdizs being neuroactive at
the cellular level, was quinolinic acid (QUIN) (Flg. This compound depolarises
neurons by activating N-methyl-D-aspartate (NMDAEeptors [1]. As a result, it is
also able to produce excitotoxicity [2], and thealisation has led to QUIN being
implicated in a variety of central nervous syste@NE) disorders (see [3-5]). By
definition, excitotoxicity is a result of the overtation of glutamate receptors. The
concentrations of QUIN causing cell damage do resdnto be greatly elevated. The
amounts of QUIN in the brain and cerebrospinaldfl(CSF) are normally less than
100nM, but levels only slightly greater than th@ésxacause neurotoxicity when cells are
exposed for several hours [6, 7] or weeks [8] veitime neurons being damaged after
exposure to only 100nM QUIN [9]. QUIN takes partipid peroxidation and produces
free radicals. It also affects mithochondrial fumetby decreasing superoxide dismutase
activity [10].

The other important metabolite of KP is kynureneeda KYNA) (Fig.1), which
is one of the few known endogenous broad-spectmit@aganists of excitatory amino

acid (EAA) receptors, especially the NMDA receptors
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Fig. 1. Kynurenine pathwe

KYNA behaves as a neuroprotective agent: it carbinlthe overexcitation of these
receptors by binding the glycine allosteric sitemhy therefore influence physiological
and pathological processes, so it has therapetfiict® in numerous neurological
disorders [4, 11, 12]. Furthermore, KYNA displaysuroinhibitory properties in
neurophysiological experiments [13] and, like othkertamate receptor antagonists, can
cause impairments in learning and behaviour [14NIK can noncompetitively block
the activity of presynaptico-7-nicotinic acetycholine of/-nACh) receptors [15].
Crosstalk between KYNA and the nicotinic cholinergystem has been presumed to
play role in the pathogenesis of numerous brairordess, including Alzheimer’'s
disease (AD) and schizophrenia, in which brain KYMNAels are elevated and the
nicotinic functions are impaired [16].

The enzymatic machinery for the catabolism of TRBte both in the brain and

in the periphery, although it has a much higheracép in the latter. TRP is converted
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by indoleamine 2,3-dioxygenase-1 (IDO1), or in liver, the more specific enzyme,
tryptophan 2,3-dioxygenase (TDO), to N-formyl-kyanime (N-formyl-KYN), which is
further degraded by formamidase to L-kynurenin&KiN) (Fig. 1). IDOL1 is expressed
by a variety of cells and is induced preferentidilythe Thl-type cytokine IFN-[17-
19]. Similarly to TDO, IDO1 catalyzes the first gten TRP degradation, specifically,
the formation of N-formyl-KYN, which subsequenthefdrmylates to give L-KYN.
IFN- v is a potent stimulus for IDO1 botim vitro and in vivo. A third enzyme,
indolamine 2,3-dioxygenase-2 (IDO2) recently hasrbeescribed. The IDO-1 and
IDO-2 proteins share significant identity at theimmnacid level (43% for human and
mouse proteins) but are not related structuraliyp&TDO protein. The IDO1 and IDO2
proteins are encoded on genes adjacent to each othehromosome 8 in humans and
mice, suggesting that the genes arose via geneacdtiph. The discovery of IDO2
suggests that the KP of TRP metabolism is invoiwedhore biological processes than
previously thought [20].

L-KYN, a major component of the KP, serves as aa®ior the synthesis of all
the other metabolites of the pathway. L-KYN is gr@sin micromolar concentrations in
the blood, brain and peripheral organs, and issparied through the blood-brain
barrier (BBB) by the neutral amino acid carrier JJ21-KYN is further metabolized in
three distinct ways. It serves as a substrate fgmuileninase, for kynurenine
aminotransferases (KATs) and for kynurenine-3-hygliase yielding, respectively,
anthranilic acid, KYNA and 3-hydroxykynurenine (3<H

In the mammalian brain, KYNA is produced irrevelgirom L-KYN by the
action of the KATSs, which are able to catalyse titamsamination of L-KYNn vitro.
Since excitatory amino acid receptor activatioretaglace in a variety of pathological
states, KYNA has been tested as a neuroprotecjgataTwo distinct KATs (KAT |
and KAT Il) have been cloned and extensively stidi&2, 23].

KAT I, also known as glutamine transaminase K osteiye conjugate beta-
lyase [24-26], is present in both astrocytes angrores; its expression increases after
birth, reaching a maximum specific enzyme actiwitythe brain of adult rats [27, 28].
The enzymatic activity of KAT | in the rat brain gptimum at alkaline pH [29].
However, purified human KAT | from Sf9 insect céblaculovirus expression system
exhibits high enzymatic activity under neutral ciiods [30], suggesting that KAT |

might be an important player in KYNA synthesis ungeysiological conditions.
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KAT Il, also known as alpha-aminoadipate aminotfarase, was isolated by
RT-PCR from the rat kidney [31] with the EST assinitbm mouse and human [32,
33]; it is structurally homologous to aspartate @motiansferase in the pyridoxal-5
phosphate binding domain. KAT Il appears to plagae important role than KAT I in
the rat brain in terms of its relative contributitmwards the synthesis of KYNA in the
cerebral tissue. Lesional and pharmacological etudave confirmed that in most brain
regions KYNA originates primarily from KAT Il actity [29]. Under physiological
conditions, KAT | and KAT II are localized mainin ithe astrocytes [34], but they are
also present in human brain cells [35-37] and istobthe neurons in the medulla and
spinal cord [38].

Yu et al [39] recently discovered ‘KAT III' as a novel méer of the KAT
family. Genomic structure analysis indicates tkat3 and katl share the same exon-
intron boundary, indicating that they belong in 8ame subfamily. ‘KAT III' shares
several features with KAT I, including a similamgenic structure, and a similar mRNA
expression in multiple tissues, including the kignédiver, heart, lung and
neuroendocrine organs, but no enzyme activity lbafasbeen associated with ‘KAT
lnr.

The results of Guidetet al.[40] suggested the existence of a third, quisdeala
sensitive KAT (‘KAT IV) in the brain and at the e time provided further support
for the notion that KAT | plays only a minor role cerebral KYNA formation in the
rodent brain under physiological conditions. Theyene was purified, characterized,
and found to be identical with mitochondrial asptataminotransferase (mitAAT).
Mitochondrial aspartate aminotransferase is cledidyinct from the above mentioned
‘KAT III", which was recently isolated from mousen@ human brain cDNA libraries
and suggested to be a heretofore unrecognized KiAing enzyme. In contrast,
mitochondrial aspartate aminotransferase is cogea known gene, and the enzyme’s
biochemical characteristics as well as its rolecell biology are reasonably well
understood. By catalyzing the formation of KYNA, touhondrial aspartate
aminotransferase may be involved in a range of iplogical and pathological
processes associated with glutamatergic and nexgfim function.

L-KYN is further metabolized to 3-hydroxykynurening3-HK) by the
kynurenine 3-hydroxylase present in the liver, pfda, spleen, kidney and brain [41],
this conversion requiring nicotinamide adenine dieatide phosphate (NADPH) and

molecular oxygen (Fig. 1). No important physioladi€unction in the brain has so far
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been assigned to 3-HK, but in primate lenses & asta major UV filter together with
its glucoside derivative, L-KYN and 4-(2-amino-3elmgxyphenyl)-4-oxobutanoic acid
O-B-p-glucoside, and may be useful in protecting thmagirom UV radiation [42].

Furthermore, it should be mentioned the synergataxcts of 3-HK and QUIN.
Guidetti and Schwarcz [43] examined possible syisgecginteractions between 3-HK
and QUIN in the rat braim vivo. Intrastriatal coinjection of these agents in loases
which caused no or minimal neurodegeneration oir then, resulted in substantial
neuronal loss, determined both behaviourally astblugically. Their data indicate that
an elevation of 3-HK levels constitutes a significhazard in situations of excitotoxic
injury.

3-HK is further metabolized by kynureninase, legdin 3-hydroxyanthranilic
acid (3-HANA) formation. This is then converted By hydroxyanthranilate 3,4-
dioxygenase (3-HAO) to 2-amino-3-carboxymuconatetaklehyde, an unstable
compound, which is transformed non-enzymaticallp iQUIN. Examinations during
recent years have revealed that the neurotoxiceptiep of QUIN involve at least four
mechanisms. Guillemiat al. described them in a review [44]. 1) QUIN can aati@vthe
NMDA receptor in pathophysiological concentratio@%.QUIN can inhibit glutamate
uptake into the synaptic vesicle, leading to exgessnicroenvironment glutamate
concentrations and neurotoxicity [45, 46]. 3) Moeeently, it has become clear that a
major mechanism of QUIN neurotoxicity is taking ggahrough lipid peroxidation [47,
48]. 4) Finally, QUIN can potentiate its own toxicand that of other excitotoxins.g.
NMDA and glutamate) in the context of energy dapte{49, 50]. These findings have
led to the suggestion that there may be a link betwendogenous excitotoxins and
human neurodegenerative disorders, and the apphcat QUIN has been proposed as
a model for certain neurodegenerative disorders5[H13-HAO has been shown to be
present in the brain [54]; its activity is incredsa various pathological states.g.in
the striatum of Huntington’s disease (HD) patigbs], in the gerbil hippocampus after
global ischemia [56], and in epileptic rats [57].

Finally, QUIN is degraded by quinolinate phosphosydtransferase to nicotinic
acid mononucleotid and then nicotinamide adenineudeotide (NAD), the end-
products of the pathway. One of the main functiohthe KP is to metabolise L-TRP
into NAD, which is essential for cell survival. NAPparticipates in many biological
processes such as the control of energy metabdb8ih DNA repair [59, 60] and
transcription [61, 62].
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Fig. 2. Dynamics of the cerebral & extracerebral KP meliabo Broken arrows: brain entry/cellular
uptake (red), release (blue). Solid arrows: enzintanversion (black), receptor agonist (red), ptoe
antagonist (blue)o7-nACh-R: a7-nicotinic acetylcholine receptor; 3-HANA: 3-hyds@nthranilic
acid; 3-HK: 3-hydroxykynurenine; L-KYN: L-kynurenén L-TRP: L-tryptophan; NMDA-R: NMDA-
receptor; QUIN: Ouinolinic acid [189].

In the brain, TRP catabolism occurs in the astex@nd microglia [63-65], and
also happens in neurons [36], though 60% of thenlrakYN is contributed from the
periphery [66]. The astrocytes produce mainly KYNAd the microglia and infiltrating
macrophages mainly QUIN [35, 67, 68]. The astrogytave been demonstrated to
metabolize the QUIN produced by the neighbouringraglia [35] (Fig. 2).

It should be noticed that TRP catabolism playsyarkée in the regulation of the
immune response. The KP is one of the major regylanechanisms of the immune
response [69]. The immune system continuously naidsl the balance between
responsiveness to pathogens and tolerance to marfth@antigens. The mechanism that
mediate tolerance, are not well understood butnteiedings have implicated TRP
catabolism as one of many mechanisms involved. theories have been proposed to
explain how TRP catabolism facilitates toleranceneOtheory posits that TRP
breakdown suppresses T cell proliferation by drasaby reducing the supply of this
critical amino acid. The other theory postulatest the downstream metabolites of TRP
catabolism act to suppress certain immune cellgbghly by pro-apoptotic
mechanisms. In this issue, there are a numbenefdieces of studies and reviews [for

example: [69-72].
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Changes in the absolute and relative concentrabbtise compounds involved
in the KYN pathway (in particular KYNA and QUIN) the brain have been implicated
in a great number of neurodegenerative disorders,ekample, stroke, epilepsy,
ischemia, AD, HD, Parkinson’s disease (PD), mudtipkclerosis (MS) and
encephalopathies. Both agents are able to act @NMDA-receptor complex and
influence the glutamatergic transmission. Elucmanf the importance of the KP in the
brain function has facilitated research relatinghe alterations in the KP in various
neurological disorders.

A number of extensive studies have been publisimedisorders associated with
alterations in the KP [4, 11, 12, 73, 74] featuriegent results concerning various
pathological states.

Hereinafter, we focused on epilepsy and ischenoanfthe above mentioned
neurological disorders, because the accepted motldtese two diseases were used in
our works.

Epilepsy is one of the most common neurologicabmiers affecting 0.5-2% of
the world’s population. It varies widely in typedaseverity of seizures and should not
be considered as a single disorder. It is curredd§ined as ‘a tendency to have
unprovoked recurrent seizures’. Epilepsy can resaih brain injury caused by head
trauma, stroke or infection, but in 6 out of 10 jpleoseizures have no known cause.
Seizures are the result of excessive neuronalgfitemporarily disrupting neuronal
signalling. This aberrant brain activity is the uktsf a shift in the balance between
excitation and inhibition created by ion channels. this context, it has been
hypothesized that seizures and epileptogenesisbmajue to either over-activation of
excitatory pathways, utilizing glutamate or othgcieatory amino acids, and/or a lesser
activity of inhibitory pathways utilizingy-aminobutyric acid (GABA) and other
inhibitory neurotransmitters [75-77]. Recent invgstions in this field have focused on
changes in the function of excitatory and inhibiteystems and morphological adaptive
processes, including changes in the synaptic plgstind growth of new inter-neuronal
connections [78-80]. There is some evidence thaihkamino acid concentrations may
be altered in epilepsy [81, 82]. However, the retehip between changes in the local
concentration of amino acids in different brainustures and seizures is not well
recognized.

Oxidative stress in the CNS has been shown in abwedent models of

experimental epilepsy, such as the amygdala kigdahodel [83], the kainic acid model
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[84], the pentylenetetrazole (PTZ)-induced kindlimgpdel [84], and in acute PTZ-
induced seizures [85, 86]. Free radical generataminduce seizure activity by direct
inactivation of glutamine synthase and glutamatead®xylase, thereby permitting an
abnormal build-up of excitatory (glutamate) andiltory GABA neurotransmitters

[87, 88].

One of the most frequent and devastating forms plegsy involves the
development of an epileptic focus in temporal I&iaictures. Prolonged seizures
(status epilepticus), induced in experimental medsl kainic acid or pilocarpine are
known to activate neuronal cell death mechanisntemporal lobe structures similar to
other neurodegenerative disorders. This neurorlabeath is also observed in human
temporal lobe epilepsy (TLE) and is one of the masiportant aspects of
epileptogenesis. Specifically in the hippocamphs, lbss of CA1 and CA3 pyramidal
neurons, with relative sparing of the granular pearof the dentate gyrus and some
types of interneurons, is the histopathologicalrhatk of Ammon’s horn sclerosis.
Probably the most important factor, preceding nealrocell death after status
epilepticus, is the increased level of reactivegexyspecies (ROS) observed in various
models of experimental epilepsy, such as afterdtaimduced hippocampal damage,
after pilocarpine treatment or in low Kfginduced epileptiform activity of brain slices
and slice cultures. Mitochondrial respiratory chaomplex | is very likely to be the
most important source of production of these RCH.[8

PTZ, a chemical convulsant frequently utilized hie study of seizures [90, 91],
exerts its effects by binding to the picrotoxiniimg site of the post-synaptic GABA-A
receptor [92]. PTZ is known to suppress the inbilyit effects of certain
neurotransmitters, and especially GABA, therebylileg to an easier depolarization of
the neurons [93, 94]. PTZ may trigger a varietyimmichemical processes including the
activation of membrane phospholipases, proteasgnacieases. Marked alterations in
membrane phospholipid metabolism result in theréiben of lipid peroxides and free
radicals [95]. Similarly, Basra Deniz Oba&y. al [96] found that acute PTZ-induced
epileptic seizures lead to an increase in oxidathyeess, an indicator of lipid
peroxidation in erythrocytes, and liver and brassues.

In searching for new treatments for epilepsy, a lkmmponent is the
identification of cellular mechanisms that will tex neuronal hyperexcitability, ideally
in a way that is specific to abnormal cells. Mosigs currently used in the treatment of

epilepsy act through a limited number of molect#aigets and mechanisms such as the

17



enhancement of GABA-ergic function or voltage-gafgmtassium channels, or the
inhibition of voltage-gated sodium channels or et T-channels [97, 98]. Although
the currently used drugs are effective in many\iaials, the continued occurrence of
seizures in a large proportion of patients suggistisagents with other mechanisms of
action should be considered. Increasing informasioggests that the pharmacology of
epileptic systems may be quite different from tbhormal brains, observations that
suggests that the identification of new therapibesukl involve models that better
represent the human condition.

Glutamate receptors, especially NMDA receptors, laggcal targets for new
antiepileptic compounds. Unfortunately, early agésnat attenuating the function of
these receptors by using conventional NMDA-receptdagonists revealed serious side
effects [99]. For reasons that are not fully untterd, these harmful consequences of
direct NMDA-receptor blockade can be avoided byeting the glycine co-agonist
(glycines) site on the receptor for seizure suppression,[10Q]. Since glutamatergic
neurotransmission plays a pivotal role in the pg#imesis of epilepsy, therefore
antagonists of glutamate receptors are powerfut@mulsants. In line with this, L-
KYN, KYNA and their synthetic analogues are gengrafficacious anticonvulsants in
a variety of models of experimental epilepsy [1@2{1 Moreover, reduction of KYNA
levels increases vulnerability to excitotoxic irtsulvhereas elevation of KYNA content
has an opposite effect [105].

Stroke is the third major cause of death in theomiadustrialized countries after
cardiovascular disease and cancer. The overaltlence of stroke is predicted to
increase over the next decade by 12% but by ar@0f@in low-income families. More
than 30% of the stroke survivors will have sevemaldility, and calculations suggest
that over 50 million healthy life-years will be tdsy 2015 [106]. Saver [107] undertook
the task of calculating the impact a stroke hasi@mvous tissue. His calculations are
sobering. Patients experiencing a typical larges@kesacute ischemic stroke will lose
120 million neurons, 830 billion synapses and 7&¥df myelinated fibres each hour.
Compared with the normal rate of neuron loss duaiging, the ischemic brain will age
3.6 years for every hour the stroke goes untredtkd.large majority (85%) of strokes
in the western world are ischemic, that is, a @iroésulting from an occlusion of a
major cerebral artery, commonly the middle cerebratry (MCA) by a thrombus or
embolism. The other strokes are hemorrhagic, wads®od vessel bursts either in the

brain or on its surface. Ischemic brain injury fesdrom a complex sequence of
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pathophysiological events that evolve over time gpdce. The major pathogenetic
mechanisms of this cascade include excitotoxicggri-infarct depolarization and
inflammation leading to cell death by apoptosis amecrosis [108]. The main
therapeutic approaches in patients with acute calrébchemia are thrombolysis and
neuroprotection but none of them is really satigfyiThrombolysis, which is aimed at
restoring the cerebral blood flow, is restrictedfésv patients because of a narrow
therapeutic window and a high hemorrhagic risk [L0Over the last 25 years,
neurochemists have provided a great deal of infoomaon the chain of events that
follows an ischemic episode (the so-called ‘ischenascade’). Many compounds that
act on one or more of these mechanisms have beefoged and these compounds do
indeed prevent ischemia-induced cell death in th&inbof experimental animals.
Because a pathological increase in glutamate waobthe early changes to be shown
to occur after an episode of cerebral ischemia, ynammpounds interfering with
glutamate function were developed during the 1&80% and early 1990s. These were
predominantly NMDA receptor subtype antagonistd, $immea-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA) receptatagonists were investigated and
also a glycine modulator site antagonist. A majobfem with glutamate antagonism as
a mechanism suitable for therapeutic interventerget is that pathological glutamate
release is an event occurring very early in theasuc cascade. This presumably makes
it necessary to give such drugs very quickly aftez ischemic insult, and rapid
admission is often a major clinical problem [10801111]. However, other problems
that also arose with some of these drugs includeat pharmacokinetics, poor brain
penetration and a failure to protect subcorticalcttires.

In an animal model of transient global ischentie, level of endogenous KYNA
and the activity of its biosynthetic enzymes, KAard KAT II, are not changed 24 and
72 h after the insult in CA1 hippocampal area [11Ris in agreement with the results
showing no change in KYNA content in the whole lpgmpal structure following
ischemic insult [56, 113]. The local productionkof NA might be relatively too low in
order to prevent pathological changes. On the dihad, KYNA attenuates indeed the
ischemic neuronal loss both vitro andin vivo. Peripherally administered KYNA
protects hippocampal CA1 pyramidal neurons in asient forebrain ischemia model in
gerbils [114]. A recent study of Baet al.[115] on newborn piglets demonstrated that:
(1) when applied exogenously at superphysiologicalcentrations, neither KYNA nor

QUIN is vasoactive in the pial vasculature; (2) NADbut not hypercapnia-induced
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arteriolar dilation can be inhibited by exogenouslpplied KYNA; (3) KYNA
attenuates kainate-dependent vasodilation in noienag well as in post-ischemic
conditions; and (4) in vulnerable brain regiongytltould not detect changes in tissue
levels of KYNA and QUIN during the first few houdd reperfusion following global
cerebral ischemia. However QUIN levels rose 50-folcer the course of 7 days
following the induction of cerebral ischemia in lggs, mimicking an ischemic stroke
[116].

For the last two decades, many neuroprotectivegdmgave interesting and
promising results in animal models of pre-clinicgtudies, but the clinical trials
performed with these drugs were disappointing amalved no beneficial effects in
stroke patients (reviewed in [117, 118]). The passireasons for the clinical trial
failures include the morphological and functiondffedlences between the brains of
rodents and humans and the different designs oprbainical studies and the clinical
trials (therapeutic time window, drug-dosing scHedefficacy assessment). Rodent
brains and human brains have many anatomical atdldgical differences such as e.g.
their proportion of white matter [119]. One of thgpotheses, which could explain the
failure of neuroprotective trials in stroke patgens the anatomical and histological
differences between human and rodent brains. lerdadtest this hypothesis, Dronee
al. [120] built a mathematical model representing than early pathophysiological
mechanisms involved in an ischemic stroke.

Another criticism of the current animal modeldhat they nearly utilize young
healthy animals. In contrast, stroke patients @teally elderly, with a variety of other
clinical problems such as hypertension, myocardialrction and diabetes. Both Davis
et al. [121] and Schaller [122] have examined older afsmemnd data suggest that
neuroprotective efficacy is reduced in these arsméhe future of the research on the
field of neuroprotection may, therefore depend loa development of better animal
models.

The results of a human study [123] strongly suppih view that an
inflammatory response with increased signs of diidastress develops rapidly after a
stroke. S100B is one of the most useful marketsraih injury following stroke and its
levels rise immediately after stroke and correladl with the volume of stroke infarct.
The significance of this is unclear as, althougbB(glLcan protect neurons against acute
insults including glutamate receptor activation aggoglycaemia, it also has the ability

to trigger the inflammatory response by activatmgroglia and macrophages. Thus,
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S100B could be a significant factor in generating inflammatory response to stroke.
The results of Darlingtoet. al [123] raise the possibility of introducing somenfoof
early anti-inflammatory intervention to modify theoduction of a factor such as S100B
or the KYN metabolites to reduce the inflammatossponse and limit delayed
neurodegeneration. Inhibitors of the KP, alreadgwshto reduce ischemic damage in
experimental models of stroke and brain inflammmatio cerebral malaria, could be
useful for such intervention.

Transient global ischemia, which may arise duriagd@c arrest and surgery in
humans or be induced experimentally in animalsitsliselective, delayed neuronal
death. If the ischemia is short, neuronal damageirsconly in vulnerable areas. The
pyramidal neurons in the hippocampal CAl region @agicularly vulnerable [124-
127]. Animal models of transient global ischemiagluding bilateral carotid artery
occlusion in Mongolian gerbils [128] and 4-vesseklasion (4VO) in rats, have
demonstrated significant neuronal necrosis in tAd @gion of the hippocampus and
impairments in a variety of learning and memorksg4.28, 129] . Other neurons, such
as the hippocampal CA3 neurons, are less ischeuahnesable [130, 131]. It is widely
accepted that activation of the EAA receptors pysmportant role in neuronal death
in stroke [132]. It has recently been reported tilatamate-induced excitotoxicity and
cellular calcium overload are among the key factfreell death in brain ischemia,
especially in the grey matter [133]. By definitioexcitotoxicity is a result of
overexcitation of the glutamate receptors. In tuneuroprotective strategies have
utilized antagonists of the glutamate receptorgievent excitotoxic neuronal loss
[134].

Long-term potentiation (LTP), also mediated by ginate receptors is a model
of neuronal plasticity [135]. Accordingly, ischemrmaay likewise impair physiological
forms of synaptic plasticity, such as activity-degent LTP [136]. What is more, global
iIschemia may induce a special form of plasticitypxac LTP [137, 138].

It is currently widely accepted that the neuroraindge which occurs as a result
of a stroke is largely attributable not to the intiia¢e hypoxia or ischemia itself, but to
the massive release of glutamate from the neuradsgéia [139]. Neuronal activity
leads to the production of glutamate, which is thaken up, via by Nadependent
glutamate transporters, and recycled by astrody#3]. Astrocytes convert glutamate
either into glutamine or oxidize it via the tricarylic acid cycle [141], therefore, they

are responsible for maintaining extracellular ghgde concentration. However, QUIN
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has been shown to inhibit the uptake of glutamateasirocytes, thus disrupting the
extracellular glutamate balance [46]. Moreover, QUilas been reported to be able to
selectively inhibit the uptake of glutamate intmagtic vesicles in the rat brain without
interfering with the uptake of neurotransmitters B3 and glycine [45]. Glutamate
activates at least three types of ionotropic remrspivhich are sensitive, respectively, to
NMDA, kainate and AMPA [142]. These can all incredise intracellular levels of &a
[143, 144], and lead ultimately to the generatiotN®, ROS and hence to cell death
[145]. A therapeutic objective in the pharmaceutiodustry, therefore, is to develop
agents, which block the activation of glutamatesptors.

Impairments of the KP are strongly involved in renal death in various
disorders. Prevention or correction of the abnoitynalvhich results from changes in
the levels of L-KYN derivatives, could attenuate ffathological processes.

At the moment, there appear to be three differeassibilities for the
development of therapeutic agents with the aim oflatation of the KP (see recent
reviews by [73, 74]). One strategy is to use L-K¥bl a precursor of neuroprotective
KYNA. L-KYN can cross the BBB and increase the lesEKYNA in the CNS. The
second approach is to develop different pro-drugs @analogues of KYNA that can
easily cross the BBB and act on the glycine-bindiitg of the NMDA receptors. The
third method is manipulation of the KP by admiratitn compounds that block the
metabolism of L-KYN-> QUIN conversion.

The following aims were set during our work on this topic:

To investigate

® whether L-KYN, which is able to cross easily the BBy a neutral
amino acid carrier and can be transformed intoom@otective KYNA in

the brain, can act against the acute PTZ-induciéepic seizures?

® whether L-KYN administered intraperitoneally (i.ptbgether with
probenecid (PROB), (PROB is known to inhibit seldransporters;
among those are the multidrug resistance-assoc@eins (MRPS),
which act as organic anion transporters), can beeratiective than L-
KYN administered alone and whether they are ableratect against the
neurotoxic effect of PTZ?
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® whether systemic pre- or post-treatment with L-KYAdministered
together with PROB; i.p.) decreases the delayedticabr and
hippocampal neuronal damage in rats subjected dosignt global
ischemia (4VO model)?

® whether our newly synthetized KYNA analogue gluemsme-KYNA
(G-KYNA) can readily pass into the brain after gysic administration

(alone or together with PROB; i.p.) and can be meifective than
KYNA?
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Materials and methods
1. Animals

Our studies were performed on adult male Wistas 1@=235, 250-3009)
maintained under controlled environmental condgiah a temperature of 22£2 and
12-h light/dark cycle. Food and water were avaédatd libitum Every effort was made
to minimize animal suffering. The principles of tabtory animal care (NIH publication
No. 85-23), and the protocol for animal care apptbby the European Communities
Council Directive of 24 November 1986 (86/609/EB&®re followed. In then vivo
electrophysiological experiments the summarized bbemof animals was 107, while 18
rats were used inn vitro electrophysiology. The number of animals startthg
behavioural tests was n = 50. In the histologic@l@ation the summarized number of
rats was 50, while 10 animals were used in the HMSIMS analysis.
2. Drugs

L-KYN (300 mg/kg; i.p.), PROB (200 mg/kg; i.p.), BT(60 mg/kg i.p.) and
KYNA (17 umol/kg) were obtained from Sigma (Steinheim, Gergpawhile our new
compound G-KYNA (17umol/kg) (Fig. 3) was synthetized in the InstituteMedical
Chemistry, University of Szeged. L-KYN, KYNA, G-KYAland PROB was dissolved
in 0.1 M sodium hydroxide (1ml) and adjusted witMIsodium hydroxide to pH 7.4.

HO
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Fia. 3. The chermrcal structure of -KYNA

3. Animal models and methods
3.1. Acute PTZ-induced seizures

PTZ is often used experimentally to induce seizwvbgch mimic generalized
clonic seizures in humans [146]. The dose of PTZ @resen on the basis of a previous
study of Jianget al. [147]. The PTZ treated animals received a singlg Bjection at a
convulsive dose of 60 mg/kg. The drug was givenina volume of 1ml saline. There
is a five point scale in the literature to inveati the intensity of convulsions: 0, no
response; 1, ear and facial twitching; 2, myoclgar&s without rearing; 3, myoclonic
jerks with rearing; 4, turn over into side positi@tonic-tonic seizures; 5, turn over into

back position, generalized tonic-clonic convulsi§h43].
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3.1.1. In vivo electrophysiology

Surgical procedureAnimals (n=56) were anaesthetized with urethane gikg,
i.p.). In some cases, the tail vein of the animais catheterized. In most of the
experiments, the drugs were administered i.p.,utjinoa syringe implanted at the
beginning of the experiments. For recordings irmd@&1, a 2-3 mm diameter hole was
drilled over the dorsal hippocampus (3.0-3.8 mmtgrie and 1.8-2.3 mm lateral to the
sagittal suture) and the recording electrode wagetded 3.3 mm from the cortical
surface. Contralaterally, a 1-2 mm hole was drifledthe CA3 stimulating electrode
(3.7 mm posterior to the bregma, and 3.3 mm latevathe sagittal suture: final
electrode depth 3.8 mm below the dura). Electrader®e lowered and final positions
were adjusted so that the maximum CAL1 populatiokespas obtained in response to
contralateral CA3 stimulation (Fig. 4). The sitasarea CA1 and CA3 were confirmed
histologically. Responses to a range of stimultsnsities were recorded under control
conditions to produce an input-output curve by djvag the duration (10-10@s), using
current (up to 20QA) square pulses. Stimuli were triggered at lowqérency (0.05
Hz). Response stability was monitored for 30 miompto drug administration. The
electrophysilological recording continued during tbllowing 3h recording period after

drug administration.

Y

5ms

a

Fig. 4. Population spike recorded in the CAl area of thehippocampusa: minimum point,b:
maximum point of the respondea= amplitude of the population spike.

Drug administration: The doses of L-KYN and PROB that were chosen were
based on earlier work [149, 150]. In pilot expenmse to examine the effects of pure L-
KYN or PTZ or PROB, the animals (n=31) were treatgth varying doses of these
compounds, e.g. L-KYN was administered either awi.p. in doses of 5, 10, 50, 100,
200, 300 or 400 mg/kg. Since i.p. and i.v. admiaigin resulted in similar effects, i.p.
administration was chosen in further studies, bseadtiwas more appropriate in the
behavioural experiments. On the basis of the libeeadata (cited above) and our pilot
experiments on the dose-dependent effects of tbesgounds, throughout the main
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studies L-KYN was administered in a dose of 300 kggPROB in a dose of 200
mg/kg, and PTZ in a dose of 60 mg/kg. After thetpdxperiments in which the effects
of the pure drugs were observed, we studied whdthe€¥N + PROB inhibited the
effects of PTZ. In these electrophysiological stsdithe responses of area CAl
pyramidal cells to contralateral CA3 stimulation revetested for a 30-min control
period. L-KYN and PROB administration followed. Dy the next 2 h, the low-
frequency stimulation continued without recordirgd PTZ was then administered.
The electrophysiological effect was followed duran@-h recording period (Fig. 5A.)
3.1.2. Behavioural studies
3.1.2.1. Water-maze task

The rats were trained in a large circular swimnpogl (160 cm in diameter, 60
cm high) filled with water to a depth of 35 cm. Tlater was at room temperature and
was made opaque by the addition of 2 | milk. Thelpeas situated in a small
rectangular room. The walls were equipped withréetaof spatial cues (pictures and a
lamp emitting diffuse light), which remained unched during the experiment. The
pool was divided into four quadrants, and a remtevatatform (8 cm diameter) was
hidden at one of four positions in the pool, exa@b cm from the sidewall. The
platform was 1.0 cm below the water surface andvisible to the swimming rat (Fig.
6A,B). The animals performed a block of four congee trials, all beginning at a fixed
starting point (N, W, S or E). Trials ended eitldren the platform was found or when
60 s had elapsed. If the rats did not find thef@tat within 60 s, they were guided to it
and left there for 15 s. They were then removedhfthe pool and either placed back
after 15 s (intertrial interval) for the subsequérdl or returned to their home cages
after being dried with a towel. The 5-day trainic@nsisted of one block of four trials
per day, and for each trial the starting point edrin a random order such that no
location recurred for a given day. Each trial wasorded and analyzed by using a
computer video tracking system. The video camerth@fEthovision System (Noldus)
was mounted above the centre of the pool. The dnimowements were monitored,
timed and processed by the software (Etho VisiO Eig. 6C). The sequence of drug
administration in the behavioural experiments wasilar to the in vivo
electrophysiology: L-KYN (300 mg/kg i.p.) and PR@B00 mg/kg i.p.) administration
preceded the PTZ injection (60 mg/kg i.p.) by Zhe water-maze studies were carried
out 20 min after the PTZ injection (Fig. 5B).
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Fig. 5. Schedule of the experiment&)(Time scale for the electrophysiological experitseiControl
population spikes were evoked throughout 30 r8in.stimulation;R, recording. L-KYN and PROB
were injected i.p. PTZ injection followed 2 h latdfvoked spike activity was recorded for 3 h
following the second injectionBj Time scale for the behavioural observations. ahienals in the five
groups were injected twice, with a 2-h period betwéhe injections. The water-maze task followed 20
min after the second injection. Before and after itjections, general observations were carried out
The observations in the open-field arena were @diwut on another day.

3.1.2.2. Open-field observations

This behavioural test was carried out in a circal@na (80 cm in diameter); the
height of the wall was 40 cm. Following administvatof the compounds, the animals
were observed for 5 min (Fig. 6D). The stereotypeldaviour was characterized by the
total time spent in grooming and washing. Seveashmeters were monitored: rearing,
stereotyped washing, defecation, time (s) to theebaf grandmal seizures, and the time
(min) of death. In the course of the behaviourapesiments, with daily PTZ

administration, the cumulative number of dead atsmaes also registered.

Fig. 6. (A,B) Photographs of the circular swimming pooliater-maze task. (C) Single subject tracking
(water-maze task) with the Ethovision System (Ne)d({D) Photograph of the open-field arena.
3.2. Four-vessel occlusion (4VO) model of transient global ischemia

4VO was carried out as described previously [134]brief, the rats were
anaesthetized with Nembutal (CEVA-PHYLAXIA; 60 mglki.p.). Both vertebral
arteries were occluded by cauterization during fohi@oling with iced washing. The
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wound were then closed, and the animals were atlowwerecover for 24 h. On the
following day, they were subjected to a 10-min byeen ischemia by bilateral
occlusion of the carotid arteries with atraumatipscunder ether anaesthesia (Fig. 7).
The body temperature was monitored, and maintaated7 "C during the surgical
procedures, using a thermostatically controlledihggad. Both vertebral arteries were
cauterised, and both common carotid arteries wepesed, but not occluded in the

sham-operated animals.

arteria vertebralis

common carotid arteries

Fig. 7. Surgical procedure of 4VO model of transient glabehemia

The rats used for cortical histology were dividetbi5 groups: the group of
control animals (n=5), which contain intact condrglC) and sham-operated controls
(SC); the 4VO group (4VO, n=7), the L-KYN + PROBegreated animals (L-
KYN+PROB-4VO, n=6) and the L-KYN + PROB post-tredt@animals (4VO-L-
KYN+PROB, n=7).

The rats used for hippocampal histology were ddidego 4 groups: SC group
(n=5), 4VO group (n=7), L-KYN+PROB-4VO group (n=8hd 4VO-L-KYN+PROB
goup (n=7).

The rats used fom vitro electrophysiology were divided into 3 groups: SC
group (n=6), 4VO group (n=6) and L-KYN+PROB-4VO gm(n=6).

Drug administration: L-KYN (300 mg/kg, i.p.) and PROB (200 mg/kg, i.p.)
were administered daily for 5 days: in the pretwdagroup, the first L-KYN+PROB
administration preceded the 10-min carotid occludiy 2 h; and the animals were
treated at the same time on the next 4 days. Inptst-treated group, the animals
received the first L-KYN+PROB injection at the $taf reperfusion. The remaining 4

injections were given at the same time on the Aajdys.
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3.2.1 Histological evaluation

Ten days after 4VO, the rats were anaesthetizéld wvethane (1.3 g/kg, i.p.),
and perfused transcardially with 0.1 M phosphatiéelbed saline, and then with 4%
paraformaldehyde. The literature reports a conalderrange of reperfusion times on
transient global ischemia [152-154]; our procedwes selected on the basis of these
data. The brains were removed from the craniumt-fpaed in formalin, cryopreserved
in 20% sucrose (containing 0.05% Na-azide), andaesd at 32um with a cryostat
microtome. Serial sections were collected in a prgservative solution for storage.

The series of sections were stained for degenegrakeurons with Fluoro Jade
B® (FJ, Chemicon Int.). Six sections were mountedhfal animals in each group. A
standard protocol was followed in our experimeRts. the detailed steps of FJ staining,
see [155].

NeuN (anti-neuronal nuclei), a neuronal specificlaar protein was used for
immunohistochemical detection of surviving pyranhidaurons in the hippocampus.
NeuN antibody labels nuclei and cytoplasm of m&stranal cell types in all regions of
the adult brain including cerebral cortex, hippopas) cerebellum, etc. For the detailed
steps of NeuN immunohistochemistry, see [156].

The locations of FJ-B positive (BJcells were observed with a fluorescence
microscope (Olympus BX-51, Tokyo, Japan) with anitation wavelength of 470-490
nm and an emission wavelength of 520 nm. The Nelglling was observed under a
fluorescence microscope at an excitation wavelen§th30-550 nm, and an emission
wavelength of 590 nm. Fluorescence photomicrogragre obtained with an Olympus
DP70 (Tokyo, Japan) digital imaging system.

The global ischemia induced damage in both hersigsh but in each case, the
hemisphere with the greater extent of injury wasl@ated. In case of cortical
evaluation, the number of Fdeurons/mrhwas determined in each slide of each animal
in the respective group. A section was viewed dmadinjured neurons were counted at
4x magnification. In case of hippocampal evaluatiansection was viewed at 4x
magnification and the most dorsal part of CA1 wlagsen. Then, at 20x magnification,
the image was captured with a 12-megapixel Olyn{pis70) digital camera. With the
aid of home-made software, the damaged regions emceuntered and these areas
were determined. The labelled cells were then @lmhanually by a person not

involved in the experiments, and who knew nothibgud the experimental groups. The
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labelled cells were calculated for 1 mmThe numbers of FJand NeuN-
immunopositive neurons/nfmvere determined in each slide of all animals.
3.2.2. In vitro electrophysiology

The electrophysiological recordings were condudi@diays after 4VO. The rats
(n=3x6) were decapitated, and coronal slices 4®) were prepared from the middle
part of their hippocampi with a vibratome (Campdiestruments, Serial No: 752-903,
UK) in an ice-cold artificial cerebrospinal fluiglsition (ACSF) composed of (in mM):
130 NaCl, 3.5 KCI, 1 NapPQy, 24 NaHCQ, 1 CaC}, 3 MgSQ, and 10p-glucose,
saturated with 95% £and 5% CQ The slices were then transferred into a Haas-type
recording chamber and incubated at room temperdturd h to allow the slices to
recover in the solution used for recording (diffigrionly in that it contained 3 mM
CaCh and 1.5 mM MgSGQ). The flow rate was 1.5-2 ml/min and the experitaemere
performed at 34C. The stimulating electrode (a bipolar glass etetst pulled from a
theta capillary) was placed in the stratum radianear the border between the CAl
and CA2 regions to perform orthodromic stimulatioof the Schaffer
collateral/commissural pathway (Accupulser A310 [Mifie., USA]; constant current,
0.2-ms pulses delivered at 0.033 Hz).

Field excitatory postsynaptic potentials (fEPSKs)e recorded in parallel from
the stratum radiatum and stratum pyramidale witlh lv2-MOhm resistance glass
microelectrodes that were filled with ACSF and cected to a neutralized, high-input-
impedance pre-amplifier (100x gain) with a highgé&Ker set at 5 kHz. A homemade
amplifier was used; the sampling rate was 10 kHze Test stimulus intensity was
adjusted to between 30 and A to evoke approximately 50% of a minimal stimulus
intensity that evoked a saturated fEPSP (maxim&8SIE response) in SC rats. The
fEPSPs were digitized, saved via a PC equipped avithgidata 1200 interface and an
Axoscope 10.0 recording system (Molecular Devicesp@Gration, Sunnyvale, CA,
USA), and analyzed off-line with Origin 6.0 (Origiab Corporation, Northampton,
MA, USA).

LTP of the Schaffer collateral-CAl1 synaptic resporwas induced by high-
frequency stimulation (HFS; 0.2-ms pulses delivee¢d100 Hz for 6 s) at 100%
intensity of the test stimulus, and after HFS tBE$Ps were recorded for further period
of at least 60 min. Input-output (IO) curves weneated to measure the basal
glutamatergic synaptic function. Slices from thensaanimal were generally used for
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both tests, including LTP and IO curves. Two sliaese tested from each rat, and each
slice was subjected to only one particular test.
3.2.3. HPLC-MS/MS analysis of L-KYN and KYNA levels in the plasma and brain
tissue

The vertebral arteries were occluded 24 h befeatiments with vehicle or L-
KYN + PROB. Two hours later the rats were anaestbeétwith pentobarbital (60
mg/kg, i.p.). No bilateral carotid artery occlusivas performed. Blood was taken from
the aorta, and centrifuged by a Heraeus Megafu@® kentrifuge (Kendro Laboratory
Products GmbH, Osterode, Germany) for 10 min (RGF25 x g). After decapitation
tissue samples were obtained from the hippocampdscarebral cortex, and weighed.
The plasma and brain tissue was stored at aboutGaintil analysis. For the detailed
steps of HPLC-MS/MS analysis, see [156].
3.3. Comparative in vivo eectrophysiological examination of KYNA and G-KYNA

In these experiments, we studied the effects oipperally administered G-
KYNA on the hippocampal evoked activity, in compgan with peripherally
administered pure KYNA. These drugs were admirgstelone, or in combination with
PROB (200 mg/kg, i.p.). Two times 15 animals weseduto study the effects of KYNA
and G-KYNA. The effects of PROB were studied onrnals while two times 6
animals were used in the experiments with KYNA+PR@Bd G-KYNA+PROB.
Studies on the changes in blood pressure wereedaot on 6 animals. The doses of
KYNA and G-KYNA that were chosen were based onieanilot experiments, in
which both KYNA and G-KYNA were administered i.v. iop., in doses of 17, 34, 68 or
136 umol/kg. Since i.p. and i.v. administration resulted similar effects, i.p.
administration was chosen in further studies. Wdeamoured to find the minimum
doses that were still effective; accordingly, oa basis of these pilot experiments, both
KYNA and G-KYNA were administered in a dose of imol/kg throughout the main
study.
4. Statistical analysis

Antidromic population spikes evoked by CAS3 stiatidn were measured from
peak to peak (see [157], and Fig. 4). Differenceswben the amplitudes were
determined statistically (pairaetest,p value set at 0.05 for significance). The resuits o
behavioural experiments are expressed as meamsdast deviation (S.D.). Statistical
analysis was performed by using the unpaired Studst or one-way analysis of

variance (ANOVA) followed by LSD post-hoc test. Menal cell counts are presented
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as means = standard error of mean (S.E.M.), an@ wenlyzed by using one-way
ANOVA followed by the Bonferroni test for multipleomparisons with SPSS version
9.0 for Windows software (SPSS Inc., Chicago, IISA). A p value of<0.05 was
considered significant. A nonparametric test on tadependent samples was chosen

for in vitro electrophysiological data (Mann-Whitnelytest).
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Results
1. Acute PTZ-induced seizures
1.1. In vivo electrophysiology

In these experiments we examined whether pharmgicalomanipulations that
lead to increased brain concentrations of KYNA domlave any effects on the
hippocampal electrical activity, and whether theavdr any antiepileptic effects. We
decided to focus on the hippocampus, and on thstigneof whether co-administration
of L-KYN together with PROB enhances the effects IoKYN. Accordingly,
recordings were maden vivo and both behaviour and seizure susceptibility were
examined, resulting in a more thorough study oftipocampal function than if either
of these features was studied alone. The evok@dmsess of hippocampal neurons were
chosen as an end-point for these electrophysiadbgixperiments because of the high
concentrations of glutamate receptors on the desdof these neurons, and because
they receive glutamatergic afferents that can ineusated preferentiallyn vivo.
1.1.1. Effects of L-KYN

The responses of the area CA1 pyramidal cells mbralateral CA3 stimulation
were tested before and after the injection of L-KYINpilot experiments, L-KYN was
administered in doses of 5, 10, 50, 100, 200, 3000 mg/kg, either i.v. or i.p. In >10
mg/kg doses, L-KYN induced some changes in the latipn spike amplitudes in all
cases. This occurred regardless of the mode ofcapiph, i.e. after both i.v. and i.p.
injection. However, the effects were controversiat some experiments the
systemically administered L-KYN resulted in a trians facilitation of the population
spike amplitudes, while in other cases the same db4.-KYN, administered in the
same way, transiently decreased the amplitudehefpbpulation spikes. However,
these changes in amplitude very seldom reachedett& of significance (Fig. 8A).
Similarly controversial results were observed ih edperiments when L-KYN was
injected in higher doses, either i.v. or i.p. Thessults were case-dependent. To
summarize the data of all those experiments in WwH®0 mg/kg L-KYN was
administered, it can be stated that L-KYN did ngh#icantly change the amplitude of
the evoked responses of the area CA1 pyramida CEdible 1).
1.1.2. Effects of PROB

PROB administered in a dose of 200 mg/kg did nmise an immediate
significant change in the amplitude of the evokeggation spike activity. In most

cases, it resulted in a decrease in amplitudejtmegeded a longer latency to develop
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(Fig. 8B). The overall data for all the animalsthis group indicate a moderate and not
significant inhibitory effect of PROB on the CAlnaynidal cell responses, with a long
delay (Table 1).
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Fig. 8. Examples of the effects of the administered compswon the population spike amplitudes recorded in
CALl. (A) After L-KYN injection, hardly any markedjgnificant change in amplitude was observed. (BDB
resulted in decreased CAL population spikes with delay. (C) After transient increase, L-KYN+PROB. i
injection resulted in a rapid and significant dase in amplitude. Examples of the effects of PTYX 4Bd L-
KYN+PROB+PTZ (E) on population spikes recordednia pyramidal layer of area CA1 of rats. Ordinaigks
amplitudes as percentages of the controls (C). iakac Time in min after drug injection. Each column
represents the mean+S.D. for 5 potentials<0.05,** p<0.01.

1.1.3. Effects of L-KYN+PROB
The results were quite different when L-KYN wasradistered together with
PROB. In all those cases when L-KYN (300 mg/kg) &#®ROB (200 mg/kg) were

administered together, a significant change in #@og# of the population spikes
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occurred within 5-10 min. In some cases, a shdightsand transient increase in
amplitude was observed after application of thegslribut this was followed by a
significant decrease in amplitude in all cases .(A§). In most cases, only the
characteristic decrease in amplitude could be tede@s shown by the summarizing
data for all the animals in this group (Table 1).
1.1.4. Effectsof PTZ

PTZ in a dose of 60 mg/kg induced a significartréase in amplitude of the
contralateral CA3 stimulation-induced CA1 responiseall experiments. The increase
in amplitude started just after the drug adminigirg reached its plateau within 10 min,
and remained at the elevated level during the &gistration period (Fig. 8D. and Table
1). In one of five PTZ-treated animals, the ampléuncreased to over 200% of the
control (Fig. 8D), while in the other four animalke increment changed by 15-50% of
the control amplitude. Besides the electrophysiclgobservation, in most of PTZ-
treated anaesthetized animals, temporal tremblihghe whiskers could also be
observed. The administration of PTZ in a dose ofrgflkg never resulted in the death
of the anaesthetized animals.
1.1.5. Effects of L-KYN+PROB+PTZ

It was reported above that PTZ in a dose of 6kghgiduced an immediate and
significant increase in amplitude of the CAl resgEmin all of the experiments. This
PTZ-induced increase in amplitude was completebghked in those animals in which
L-KYN+PROB administration preceded the injection BTZ (Fig. 8E). The data
obtained from those five PTZ-treated animals, whieteived L-KYN+PROB prior to
the PTZ administration clearly demonstrate that YNGPROB did not allow

development of the amplitude increase following Rilhinistration (Table 1).

C Minutes
10 30 60 90 120 150 180
KYN 100 93.70 + 6.1 98.63 +£12.6 85.73+16.3 87.91 +15.5 §9.17 +19.2 8276 +13.9 90.74 + 19.6
PROB 100 86.724+22.1 99.71 +11.8 98.24 +£59 98.43 + 10.9 84.79 + 16.5 7490+ 229 68.56 + 232
KYN+PROB 100 95.59+17.1 88.67 £5.2 82.824+7.9" 7298 +9.1" 72.26 £ 10,07 72854+ 194" 65224159
PTZ 100 125.9 + 10.4° 12459+ 13,7 11223 +£4.1"  116.69 + 1.4 112,55 + 6.3 11623 + 1.9 1165+ 7.8
KYN+PROB 100 93.11 + 157 90.42 +16.9 82.74 +£18.7 87.46 +17.3 8381 +15.7 8020+ 125" 8843+ 119

+PTZ

Table 1. The summarizing data on the effects of L-KYN, PROBKYN+PROB, PTZ, and L-
KYN+PROB+PTZ pre-treatment with a PTZ injection Zater on the amplitudes of the population spikes
recorded in the pyramidal layer of the CALl regidnthee hippocampusC: Normalized amplitudes of
responses before the drug injection (100%). Amgési(means+S.D.) 10, 30, 60, 90, 120, 150 and 180
min after the second injection. L-KYN+PROB injectfo resulted in a significant decrease in spikes
amplitude. This reduction in amplitude (inhibiticaffer L-KYN+PROB pre-treatment was strong enough
to hold the amplitudes below the control level (#)@ven after PTZ injection, which itself resuliada
significant increase in amplitude when it was itgelcaone
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1.2. Behavioural experiments

In parallel with the electrophysiological experime behavioural studies were
carried out on five other groups of animaygoup 1 (controls, injected with saline),
group 2(injected with PTZ)group 3(injected with L-KYN),group 4(injected with L-
KYN+PROB) andgroup 5(injected with L-KYN+PROB, and 2 h later with PTZ)he
behavioural experiments were carried out on fivecessive days.
1.2.1. General observations

The animals in group 1 did not display any unus&taviour. Initially, they
were afraid of the saline i.p. injection (two injeos, with a 2-h delay), but later they
became used to it. The animals in group 3, 4 agidKYN, L-KYN+PROB, and L-
KYN+PROB and 2 h later PTZ) became calm and slodaan after the first injection.
On receiving the second injection of PTZ in groyghdwever, these animals did not
exhibit the development of any seizures in the sewf the 5-day experiment. Instead
of seizures, they mimicked hiccup after the PT2atipn. The animals in group 2 were
injected with PTZ on each day. After PTZ treatméim, rats exhibited brief myoclonic
jerks of their fore-and hind-limbs with a very rdponset (60-70 s). The animals
repeatedly fell down on their side or back, witmgelized clonic seizures, which
lasted for about 8-10 s. Such myoclonic jerks wiie subsequent development of
clonic seizures occurred several times. The dapeated injection of the convulsant
resulted in seizures with increasing intensity: dasthe 6-point scale [158]. Further, the
animals died in the course of the 5-day experim@hgreas mortality was very limited
in group 5, where the animals received L-KYN+PRQ®pto the PTZ injection (Fig.
9).
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Fig. 9. Cumulative number of dead animals in the groupsoatrols, PTZ-treated and L-KYN+PROB-
pre-treated, then PTZ-injected animals, during Sketay experiments. Chronically administered PTZ
resulted in the death of all the animals in the RiEated group during 5 days. Except for two angmal
L-KYN+PROB pre-treatment protected the rats froratlénduced by the repeated PTZ injections.
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1.2.2. Water-maze performance

All five groups of animals started to take parttie water-maze experiments,
which began 20 min after the second injection. Frtme very beginning, the
performance throughout the 5 days revealed thatLti€YN+PROB+PTZ-treated
animals needed more time to reach the platform thdrthe controls. This tendency
became marked from the sessions on day 2 andffeeedice then remained significant
up to the end of the experiment. This tendencyinecaarked from the sessions on day
2 and the difference then remained significant aptie end of the experiment
(Fo=27.337,p2<0.01; R=26.768,p3<0.01; R=28.180,p4<0.01; K=34.652,ps<0.01).
The swimming strategies of the L-KYN+PROB+PTZ-teghanimals and those in the
other groups were not the same: the rats in groapehit more time swimming round
the pool, near the wall, and demonstrated a padopeance throughout the 5-day trial.
In contrast, the control animals displayed goodymss in finding the hidden platform.
Similarly, the animals in groups 3 and 4 exhibitegood performance in the water-
maze study (Fig. 10). The PTZ-treated animals ougr2 also started to reveal a good
performance in the water-maze experiments; howdesrause of the seizures and their

high mortality rate, their testing was interruptedday 3 ,<0.01;p3<0.05).
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Fig. 10. Performance of five groups of animals in the wateze test during the 5-day period (4
trials/day). The escape latency at 100% (=mearhefcontrols) is 47s. The number of PTZ-treated
animals fell to 2 by day 4; the evaluation of tgieup was interrupted. p<0.05,** p<0.01.n=10 in
controls, in L-KYN and L-KYN+PROB groups)=10 on days 1-4, and=9 on day 5 in the L-
KYN+PROB+PTZ-treated animals=6 on day 1n=4 on day 2, and=3 on day 3 in the PTZ-treated
group. Remark: on day B<0.01 (control vs. L-KYN+PROB+PTZ) argk0.05 (control vs. PTZ).

1.2.3. Open-field observations

As detailed above, the animals which received r@ RTZ injection developed
seizures, culminating in generalized tonic-clonativaty. Therefore, these animals
(group 2) did not take part in the open-field expent in the arena. The animals in
groups 1, 3, 4 and 5 did not display any significdifference between staying in the
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centre or at the periphery of the arena. The amsimmaall groups preferred to stay at the
periphery of the arena (Fig. 11A). Differences webserved, however, in rearing, in
stereotyped washing (Fig. 11B,C) and in defecadictivity between the controls (group
1) and the treated animals in groups 3, 4 and tStheudifferences in defecation activity

were not significant (Fig 11D).
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Fig. 11. Observations in an open-field arena. (A) Time (®nd in the centre and at the periphery of the
arena. No difference was found between the corandl treated groups. The rats in all four groups
preferred to stay at the periphery of the arend.Tighe spent in rearing during the 5-min observatio
period. The animals after L-KYN or L-KYN+PROB injigmn became calm, and slowed down. These
changes were significant. (C) The number of washimyring the 5-min observation decreased
significantly only in group 5 (L-KYN+PROB+PTZ). (DNumber of feces produced during the 5-min
period. Data are shown as means+Sti31(Q animals)** p<0.01.

2. 4vO model of transient global ischemia
2.1. Neuroprotective effects of L-KYN+PROB-treatments on cortical rat brain slices

One day after bilateral vertebral artery cauteidra both carotid arteries were
occluded for 10 min. This intervention induced seugeuronal damage in large parts of
the neocortex in both hemispheres. The neuronabhdarwas localized to the temporo-
lateral part of the cortex, starting at -3.14, @38rBm from the bregma, and reached its
maximum at -3.8, -4.30 mm (Fig. 12). The corticaas with the maximum number of
injured neurons (-3.8 mm to the bregma) involvesl pnmary and secondary auditory
cortices, the ectorhinal cortex, the perirhinattewrand the lateral entorhinal cortex, but

the maximum was observed in the temporal assoniatiotex. In this region, the FJ
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neurons were found in a 500-7Q6+-wide band involving cortical layers IlI-V (Fig.
13A,B).

L-KYN (300 mg/kg, i.p.) administered together wi#BROB (200 mg/kg, i.p.)
caused a marked reduction in the number of damagedons. In the L-KYN-pre-
treated animals, only a few groups of injured naaroould be observed in the cortical
areas, whereas a great number of @amaged) neurons were present in the cortical
area of the 4VO animals treated with vehicle (EBC,D vs. Fig. 13A,B).
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Fig. 12. The localisation of Fineurons in the cortex of 4VO animals (a represimetaxample
in each group). The cortical damage is maximum&nin behind the bregma.
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Fig. 13. FJ cells in the cortex. Ten days after 4VO, injurezlions were detected in the extended
lateral part of the hemispheres. The injured nesiadtained their maximum number at 3.8 mm behind
the bregma, in the ventral area of the secondaditay cortex and in the temporal association corte
(A,B). L-KYN+PROB pre-treatment significantly receet the number of FJcells. Only sporadic
groups of FJ cells could be found in the cortex of L-KYN+PROB@ animals (C,D).AuD:
secondary auditory cortex dorsal arda/l: primary auditory cortexAuV: secondary auditory cortex
ventral areaTeA: temporal association cortekct: ectorhinal cortexPRh: perirhinal cortexL ent:
lateral entorhinal corte

The statistical evaluation revealed that L-KYN adistration considerably decreased
the number of injured neurons. In the 4VO animiiis,number of injured neurons/rm
was >200, while in the pre-treated group it was/d&8-60 neurons/mfnThe decrease
in the number of injured neurons was highly siguifit not only in the pre-treated
group, but also in the group treated with L-KYNeafteperfusion (Fig. 14).
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Fig. 14. Numbers of injured neurons per rinm the five groups of animals. The 4VO-inducedéase

in the number of injured cells was significantlydueed in those animals which received L-
KYN+PROB either before (L-KYN+PROB-4VO) or after\(®-L-KYN+PROB) ischemia induction.
The neuroprotection was most effective in the L-KMNROB-4VO group; a smaller, but significant
reduction was achieved in those animals which veckprotective L-KYN as post-treatment (4VO-L-
KYN+PROB). Values are meanstS.E.M=6-7 rats/group)** p<0.01;*** p<0.001 compared to the
group indicated in the Figure (one-way ANOVA folled by the Bonferroni test).

The KYNA concentration in the CSF of the rats iaythe range 7-196 nM; in
most cases it was 20-30 nM. In accordance witHitbeature [159] this concentration
can be increased 500-800-fold after peripheral LNK(B00O mg/kg, i.p.) + PROB (200
mg/kg, i.p.) administration.

The importance of this observation is immediatdbar: it means that even the
post-traumatic administration of L-KYN may be obstantial therapeutic benefit.

2.2. Neuroprotective effects of L-KYN+PROB-treatments on hippocampal rat brain
slices

In animals subjected to 10-min 4VO, severe nedrdamage was observed in
the CALl area of the hippocampus in both hemispht@edays after the intervention.
The neuronal damage extended for millimeters inathterior-posterior direction from -
3.14 mm relative to the bregma. In this injuredisagnumerous of the pyramidal cells
in the CAL region were FJn each of the coronal sections, while those & @A3
region and the dentate gyrus were not labelled. (B3@\). In accordance with this, the
NeuN immunohistochemistry indicated the lack oaattcells in the CAl region in the
4VO animals, but an intact CA3 region and dentgteg(Fig. 15B).
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L-KYN administered together with PROB caused akmdrreduction in the
number of damaged neurons. In the L-KYN-pretreata@dhals, injured neurons stained
with FJ could be observed only sporadically in @&1 area of the hippocampus (the
same was true for the CA3 region and the dentatesg¥rig. 15C). Accordingly, NeuN
immunohistochemistry gave the impression of a mpureéd CA1 region (like the CA3
region and the dentate gyrus) in L-KYN-pre-trea®® animals (Fig. 15D).

Fluoro Jade B NeuN

4VO

L-KYN + PROB - 4VO L-KYN + PROB - 4VO

Fig. 15. The effects of pre-treatment with L-KYN on the ieafic hippocampus of the rat. (A) Transient
global ischemia (4VO) damaged the CA1 pyramidalsciel the hippocampus (the red arrow shows the
injured CAL region (FJ+ cells) of the hippocampy8) The CA3 area and the dentate gyrus are less
vulnerable to transient ischemia: the NeuN-immursitpe region of the hippocampus (yellow arrows).
(C) Pre-treatment of 4VO animals with L-KYN+PROB-KYN+PROB-4VO) protects the hippocampus
from the ischemia-induced damage (red arrow). (D)LIKYN+PROB-4VO-pre-treated rats, NeuN
immunohistochemistry reveals intact areas throughlbe hippocampus, including the CA1 and CA3
regions and the dentate gyrus (yellow arra

L-KYN administration considerably decreased the bhemof injured neurons in the
CA1l region. However, the decrease in the numbempired neurons was highly
significant only in the pre-treated group (L-KYN+BB-4VO). The animals in the
post-treated group (4VO-L-KYN+PROB) also exhibitetendency to a reduction in the
number of injured neurons, but this change wassigtificant (Fig. 16A). The NeuN
immunohistochemistry supplemented these resulésntimber of non-injured cells was

highest in the SC group, and lowest in the 4VO afsmPost-treatment with L-KYN
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(4VO-L-KYN+PROB) had hardly any effect, while ing#VO animals which received
L-KYN before ischemia (L-KYN+PROB-4VO) the numberf antact cells was
comparable to the control level (Fig. 16B). In ghtlne L-KYN+PROB pre-treatment
was able to reduce the proportion of damaged telR% relative to the damaged cells
induced by 4VO without L-KYN+PROB treatment. TheKN+PROB treatment after
the 4VO intervention did not prove effective (seblE 2).
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Fig. 16. The effects of L-KYN administration on the cellmber/mni in the CA1 region of four groups
of animals. (A) The transient global ischemia (4M@juced increase in the number of injured cells wa
reduced in those animals which received L-KYN+PRQOBe reduction was significant only in those
animals which received L-KYN+PROB before transigtgbal ischemia (L-KYN+PROB-4VO), though
the number of FXells was slightly altered in the post-treated ain{4VO-L-KYN+PROB). (B) NeuN
immunohistochemistry supplemented the above reshksnumber of intact cells/nfriim the CA1 region
of the hippocampus was appreciably reduced in Y@ dnimals. Post-treatment was ineffective, whereas
pre-treatment strongly increased the number otintalls/mn in the CA1 region of the hippocampus.
Values are meanszS.E.M=6-7 rats/group). Differences between the SC an@ 4jvoups and between
the 4VO and L-KYN+PROB-4VO groups were signific§p&0.001, one-way ANOVA followed by the
Bonferroni test.

Groups:. Fluoro Jade B-positive(%): NeuN-labeled (%):
SC 0 100

4VO0 100 29,19
4VO-L-KYN+PROB 86,29 31,02
L-KYN+PROB-4VO 51,9¢ 68,17

Table 2. The proportions of injured and intact neuronshiea €A1l region of the hippocampus. In the case
of FJ-B positivity, the result for the 4VO group sMaken as 100%, for the animals in this grouplated
the most extreme injuries. On the other hand, dD4ntervention groups were compared with the SC
group in the case of NeuN labelling.
2.3. In vitro electrophysiology

First of all, we explored the basal synaptic prtips of the fEPSPs in order to
evaluate the ischemia-induced impairment of theaBeh collateral-CA1 synaptic

transmission (Fig.17).
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Fig. 17. Input-output (I0) curves of sham-operated cont(8€), 4VO animals, and 4VO animals which
received L-KYN+PROB treatment. |0 curves were dighbd by plotting the fEPSP amplitudes against
various test pulse intensities from 0 to 100 No significant difference was found between i®ecurves

in the three groups, implying that the basal fuordi of the pyramidal cells and synapses were not
affected bv complete ischerr

For this purpose, the IO curves were establishedolbiting the fEPSP amplitude
against various test pulse intensities from 0 t6 @8. The 10 curve for the 4VO
animals was positioned below that for the contrpMsile the curve for the L-
KYN+PROB-4VO animals was positioned above it). Hoar there was no significant
difference between the IO curves in the three gspumpplying that the basal functions

of the registered pyramidal cells and synapses natraffected by complete ischemia.
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Fig. 18. Administration of L-KYN and PROB prevented the iamment of the long-term potentiation
(LTP) response caused by global ischemia. In theg®Qp 6=5), LTP was induced by high-frequency
stimulation of the Schaffer collaterals (HFS; 6Q0sps at 100 Hz). LTP after HFS was not presetitén
4VO group (=11) 10 days after 10-min global cerebral ischefle L-KYN+PROB-4VO groupr=6)
was subjected to the same carotid occlusion thatpmaceded and followed by i.p. injections of L-KYN
and PROB. The course of LTP in this group was idahtto that in the controls. Data points are
means+S.E.M. of normalized slopes of fEPSPs. Stally significant differences are denoted),((#)
significant differences between SC and 4VO groutpp<0.05), and between treated and 4VO grolips (
p<0.05; nonparametric test on two independent sasnwsés used, the Mann-WhitnEytest).
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LTP was induced by HFS of the Schaffer collat€Alt synapses. The fEPSPs
were monitored for 40-60 min before conditioningnstlation until the amplitudes were
generally stable, and their mean value was deteanis the 20-min-long baseline
before LTP induction. In the SC group, the HFS edus robust increase (170-180%) in
the slope of the fEPSPs (Fig.18, SC) and this as®ein slope (and in amplitude)
remained at the elevated level during the 1-h tegien period. The same conditioning
protocol did not induce a significant, lasting iease of the fEPSPs in the majority of
the 4VO animals. In this group, the elevation a¢ #mplitudes was only transient; no
LTP was observed. At the end of the registratiomope the slopes had returned to the
control level, or decreased below the baseline. (F8). The administration of L-KYN
and PROB protected slices from the 4VO-induced impairment. L-KYN restored
the fEPSP slopes to the control level, and thesanpeters were stable until 60 min
after HFS.

2.4. Plasma and brain L-KYN and KYNA concentrations

In the sham-operated rats, L-KYN concentration veggroximately 3-fold
higher in the plasma than in the cortex and hippyes. On the other hand, the KYNA
concentration was higher in the cortex and hippguesrthan in the plasma<0.001),
and higher in the cortex than in the hippocampus. aAconsequence, the KYNA
concentration in the sham-operated rats reachgdlod% of the L-KYN concentration
in the plasma, but 8% and 12% of the L-KYN concaindns in the hippocampus and
cortex, respectively. Treatment with L-KYN+PROB esaderably increased both the L-
KYN and KYNA concentrations in the plasma and braamd also altered their
proportions within the compartments studied. ThEXN concentration increased 37-
fold in the plasma and approximately 70-fold in tppocampus and cortex, while the
KYNA concentration was elevated roughly 300-foldtive plasma and 50-fold in the
hippocampus and cortex. The L-KYN concentratiomeased more in the brain than in
the plasma, and the L-KYN levels were similar ire thlasma and brain after L-
KYN+PROB administration, but this was probably dadhe relatively large scatter of
the data. Likewise, since the KYNA concentratioar@ased more in the plasma than in
the brain, the KYNA concentrations were similarthe plasma and brain, reaching 7-
12% of the L-KYN concentration in the brain (TaBle

45



Plasma concentration, ng/ml Hippocampal concentration, ng/wet Cortical concentration, ng/g wet
. weight

weight

L-KYN KYNA L-KYN KYNA L-KYN KYNA
Vehicle, n=5 602+21 8.8+0.5 212+18*** 17.742.1%* 23522 28.2+3.2%
L-KYN+PROB, n=5 2251845392 2695+783 1427043801 9964318 1710+4492 14974534
Ratio treated/SHAM 37 305 67 56 73 53

Table 3. The concentrations of L-KYN and KYNA in the plasnimain cortex and hippocampus in rats in
which the vertebral arteries were occluded bildliemn the day before treatment. The animals wezatéd
with vehicle or L-KYN+PROB 2 h before sacrifice,ttho bilateral carotid artery occlusion was perfedn
Statistically significant differences are shov*** p<0.001 vs. plasm#& p<0.05 vs. corte:

3. Comparative in vivo electrophysiological examination of KYNA and G-KYNA
3.1. Effects of KYNA

The responses of the area CA1 pyramidal cellomtralateral CA3 stimulation
were tested before and after the injection of KYN&A.NA was administered in doses
of 17, 34, 68 or 13Gumol/kg. Three animals were tested at each dosdy thi¢
exception of the 1@mol/kg dose, at which 6 animals were examined. Eawfects of
the i.p. injected drug were not observed in antheftreated animals, apart from some
transient, inconsistent deviations from the contlevel. In the main series of
experiments, to facilitate comparability with thesults of administration of G-KYNA
(see below), 11umol/kg (equimolar) KYNA was administered (i.p.);idhresulted in
only a slight, if any decrease in the amplitudéhef CA1 responses (Fig. 19A and Table
4).
3.2. Effects of G-KYNA

In pilot experiments, G-KYNA was administered iosds of 17 (n=6), 34 (n=3),
68 (n=3) or 136umol/kg. G-KYNA, administered either i.v. or i.pn & dose of 136
umol/kg resulted in 100% mortality within 5 min. Slarly, G-KYNA administered in
a dose of 68umol/kg i.v. resulted in a stoppage of breath, h& &nimals could be
resuscitated. I.p. injection of this dose (680ol/kg) of drug did not stop the breathing of
the animals. These findings led us to reduce tlse dd the drug to a level as low as
possible, which still resulted in a marked and & decrease in amplitude of the
CA1 pyramidal cell responses. We found that, inoaedof> 17 umol/kg, G-KYNA
induced consistent and appreciable decreases ipdaxation spike amplitudes in all
cases. This change started 50-60 min after drugrestnation, regardless of the mode
of application. In some cases, a small and trah&enease in amplitude was observed
shortly after the application of the drug, but thias followed by a significant lasting

decrease in amplitude in all cases (Fig. 19B ariier4).
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Fig. 19. Examples of the effects of the administered compsuon the population spike amplitudes
recorded in CAl. (A) After KYNA injection there weeisome decreases in amplitude, but these changes
were not marked. The observations were similar dfte i.p. injection of KYNA in higher doses up to
136 umol/kg. (B) G-KYNA injection resulted in marked asdynificant decreases in the CA1 population
spike amplitudes with a 50-60 min delay. Ordinafgke amplitudes as percentages of the controls (C)
Abscissa: time in min after drug injection. EacHuoon represents the meanzS.D. for 5 potentials.
p<0.05,** p<0.01.

3.3. Effects of PROB

PROB administered in a dose of 200 mg/kg i.p. miidl cause an immediate
significant change in the amplitude of the evokegpation spike activity. In most
cases, it resulted in a decrease in amplitudethimiheeded a longer period (60-90 min)
to develop. This observation is fully consistenthaour results in acute PTZ-induced
seizures, and is therefore not shown here.
3.4. Effects of KYNA+PROB

The results were similar when KYNA was administietegether with PROB. In
most cases, when KYNA (1@mol/kg) and PROB (200 mg/kg) were administered
together, there was no change in the amplitudeékeofesponses during 1 h following
the drug application, except for a transient, dligicilitation in a few cases, but with a
1.5-2 h delay, a slight decrease in amplitude vegsstered in all cases (Fig. 20A and
Table 4).
3.5. Effects of G-KYNA+PROB

The results were quite different when G-KYNA wabranistered together with
PROB. G-KYNA (17umol/kg) administered together with PROB (200 mg/iegulted
in a progressive and, by the end of the recordiegod, a considerable decrease in
amplitude of the CA1 population spikes. The de@eaasamplitude began and became
significant within 10-20 min, and continued ovee tB h registration time (Fig. 20B and
Table 4). In some of the experiments, the regismatontinued over 4.5 h. In these
animals, the reduction in amplitude was progressiveughout the whole experiment
(Fig. 20C).
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Fig. 20. Examples of the effects of KYNA or G-KYNA admirgsed together with PROB. (A) After a
transient increase, KYNA+PROB resulted in decreaAd population spikes with a 1.5-2 h delay. (B)
G-KYNA+PROB i.p. injection resulted in consideralllecreases in amplitude, shortly (10-20 min) after
the administration. In some cases (as presentey,ike amplitudes fell to 35-40% of the contralbjle

in most cases, as in panel C below, the amplitdelé®nly to 60-70% of the controls, in spite ofeth
relatively long recording period. The ordinate afi$cissa are the same as in Fig. 19.

c 0-30 min 30-60 min 60-90 min 90-120 min 120-150 min 150-180 min

KYNA 100 95,88+3,9 90,55+2,1 * 88,61+1,5 ** 90,08+2,8 * 87,20+2,6 * 87,39+2 4 *
G-KYNA 100 | 100,64+0,5 91,03+4,2 83,96+3,8 * 78,55+4,6 * 63,93+8,2 * 61,65+3,0 **
KYNA+PROB 100 97,79+1,5 105,94+11,9 98,43+4,2 85,7548,1 84,3545,7 * 77,76%1,4 **
G-KYNA+PROB | 100 93,11+2,5 * 88,43+0,8 ** 81,47+2,9 ** 74,51+4,2 ** 73,50£2,9 ** 65,13+6,6 **

Table 4. Changes in population spike amplitudes of CAl pydaihrcells. Data summarising the effects of
KYNA, G-KYNA, KYNA+PROB and G-KYNA+PROB on the amplides of the population spikes
recorded during 30 min blocks in the pyramidal tagkregion CA1 of the hippocampus. C: Normalized
amplitudes of responses before drug injections ¥000Amplitudes (means+S.D.). G-KYNA+PROB
treatment was the most effective in inducing aiptst and long-lasting decrease in the amplitudes.

* p<0.05 =6 animals in each group)* p<0.01 =6 animals in each group).

3.6. Blood pressure

In 6 animals, the basal blood pressure and tleetsfiof KYNA and of G-KYNA
on the blood pressure were examined. In all aninhés intra-carotid blood pressure
was found to be 100-119 mm Hg. Neither KYNA nor GNA influenced the intra-
carotid blood pressure markedly.

48



Discussion

The neuroinhibitory properties of KYNA were revedhlm neurophysiological
experiments more than 20 years ago [13]. Laterijomarexperiments proved that
KYNA is a broad-spectrum antagonist of EAA recepjat inhibits the overexcitation
of NMDA receptors [160, 161]. At low concentratioiSY NA preferentially blocks the
glycine co-agonist site of these receptors [162)rddver, KYNA can inhibitt7-nACh
receptors presynaptically and hence modify the aghaitergic transmission [15].
Because of its interesting pharmacological chareties and neuroprotective and
anticonvulsant properties [102, 163], KYNA, seveashlts derivatives and different KP
metabolites have become widely used tools in neoladical research.

The primary finding of our study was that the pkdral administration of L-
KYN and PROB eliminated the effects of PTZ; thepmsses to glutamatergic inputs
were decreased in the CAl region of the hippocampmsl in the behavioural
experiments L-KYN and PROB pre-treatment protedtesl animals from the PTZ-
induced kindling of seizures and death.

On the basis of the literature cited in the intrcitbn, we may suppose that, if
the KYNA content of the brain is high enough, istedefinite neuroprotective effect.
The normal concentration of KYNA in the brain isotdow to influence the EAA
receptors, and even under pathological condititnes data do not indicate that the
concentration elevation will necessarily allow KYN®& influence the co-agonist site of
the NMDA receptor.

In our study, we administered a relatively higlsteynic doses of the precursor,
L-KYN (and even higher doses in combination with @8, which led to a non-
physiological concentration of KYNA. This provedestive: L-KYN administered i.p.
slightly (not significantly) decreased the popudatispike amplitude of the CAl
pyramidal cell responses. PROB had a somewhatgsraoeffect, with a longer delay.
The two compounds administered together resultednrarked and significant decrease
in amplitude of the population spikes evoked on@Ad pyramidal cells. This effect is
probably based on the inhibition of the NMDA reaeptof the CA1 pyramidal cells by
the elevated level of KYNA in the brain tissue,aasonsequence of peripheral L-KYN
and PROB administration. This seemed to be ableotopensate the overexcitation
induced by PTZ. Indeed, 60 mg/kg PTZ administergd tiesulted in a significant
increase in amplitude of the CA1l spike activity,dathis effect was completely

compensated by pre-treatment with L-KYN+PROB. Inraflal with the
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electrophysiological results, we studied the efait L-KYN+PROB pre-treatment on
the PTZ-induced seizures and death in awake animaldest the possible protective
effect of L-KYN+PROB in behaving animals, we cha&e convulsive dose of 60
mg/kg PTZ. The pre-treatment with L-KYN+PROB wadeefive in protecting the
animals against the generalized clonic seizureshofibh they exhibited reduced
rearing, washing and defecation activity, we ditl olwserve any difference in behaviour
between the controls and the treated animals opan-field arena.

In the water-maze task, the L-KYN+PROB+PTZ-treatsdmals revealed a
significantly impaired performance, while thoseraais, which received pure L-KYN
or L-KYN+PROB did not exhibit a significantly impad performance as compared
with the controls. Until the number of PTZ-treagadmals decreased to a critical level,
this group also displayed a good performance inwhér-maze studies. This is in
accordance with the results of Szyndé¢ral [164], who found that PTZ-kindled rats
did not demonstrate any significant differenceshiort-term and long-term memory in
a passive avoidance test.

In accordance with oun vivo electrophysiological results, KYNA administered
in vitro led to a decrease in the amplitude of the evoERISPs in the hippocampal
CAl region [165]. These results have demonstratedt tthe conversion L-
KYN—>KYNA produces KYNA in an amount that is not onlyteéetable by analytical
methods [166], but also sufficient to prevent tleeinoexcitatory effect of PTZ. The L-
KYN 2>KYNA conversion was proved via KAT blocker (L-NNApministration [165].

It has long been known that a reduction in cerebi@d flow is closely related
to different kinds of brain dysfunctions [167, 168]nderstandably, research activity
relating to the consequences of cerebral hypoperfusas recently been high (some
recent reviews: [169-171]). The CALl region of thgpoecampus is particularly
vulnerable to hypoxic conditions [172, 173]. Ousuks have shown that 4VO-induced
temporal global ischemia results in neuronal danrageonly in the hippocampus, but
also in the neocortex. Moreover, L-KYN applicatisignificantly reduced this cortical
neuronal damage after either pre- or post-ischeadiministration. Nozaki and Beal
[174] first reported that the pre-administrationleKYN proved neuroprotective in a
neonatal model of ischemia. Accordingly, the systemadministration of L-KYN dose-
dependently increases the KYNA content of the bfa#B]. The extensive literature
(see the recent reviews by [74, 175, 176]) sugdesisan appropriate elevation of the

brain KYNA concentration leads to a neuroprotecedkect. The normal concentration
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of KYNA that we measured in the CSF by mass spewtoy is 20-30 nM, which is in

good accordance with the results of Moroni et®I.7]. A considerable (800-1300-fold)
increase in the brain KYNA level following the panieral administration of L-

KYN+PROB was demonstrated more than 15 years dofe) [il74].

Evidence is accumulating which suggests that aherséa-induced sustained
elevation in intracellular calcium concentrationafd; contributes to cell death [178-
180]. The secondary rise during reperfusion injsrynore likely to be responsible for
apoptotic than for immediate necrotic damage, whachurs in the CA1 neurons in
particular 2-3 days after the induction of globst¢hemia [181]. These processes of
injury of the CA1 neurons are attained via NMDAIeation [182, 183].

L-KYN administration has proved to be neuroproteetin histological studies.
However, the neuronal degeneration marker useayréllade B, does not discriminate
between apoptotic and necrotic cell damage. Momeaeeent studies have indicated
that Fluoro Jade B can stain neurons degenerasirggrasult of an acute insult, and it
can label activated microglia and astrocytes duanghronic neuronal degenerative
process [184, 185]. All these points should beradkéo consideration.

The systemic administration of L-KYN together witRROB resulted in
concentrations of KYNA in the brain which have pedvto be neuroprotective in
histological and behavioural studies [128]. Howevelatively little is known about its
impact on the outcome of synaptic plasticity. A elovinding here is that the
administration of L-KYN (+PROB) once before and inds after 4VO-induced
transient global ischemia proved neuroprotectivehistological studies, and also
reduced (nearly abolished) the impaired LTP inaurctn the Schaffer collateral - CA1
pathway in adult rats. Interestingly, the 10 cureéshe controls, and of ischemic + L-
KYN+PROB-treated rats did not display significahbbages. This suggests that it is the
machinery of LTP that is injured rather than thedydunctions of the pyramidal cells
and synapses. It should additionally be taken amosideration that, though the FJ-B
labelling indicates massive neuronal degeneratiorthe untreated 4VO group, the
NeuN positivity demonstrates that nearly 1/3 of tleurons in this group remained
intact, in spite of the complete ischemia.

Although we do not know sufficient about ischematced injuries of the LTP
machinery, it is clear that ischemia may impair $blgical forms of synaptic
plasticity, such as activity-dependent LTP [136]owéver, Crepel et al., [186]
characterized a pathological form of synaptic ptégtinduced by a few minutes of
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anoxia and aglycemimm vitro. This form of potentiation is referred to as amokirP,
which also requires an increase in {ga[187]. In contrast with tetanic LTP, the
expression of anoxic LTP is mediated exclusivelyNdIDA receptors (reviewed by
[137]). Anoxic LTP involves the redox modulatoryesof the NMDA receptor [188].

In most cases, after transient global ischemia,stirgiving neurons displayed
normal transmission, except for the reduction ia thaximum level of fEPSPs that
seems to be a consequence of the cell number redultte to ischemic cell death. The
impaired LTP induction should reflect deficits ihet machinery specific to LTP
induction in the individual surviving neurons. Adiigh the mechanism is not yet
known, we have demonstrated for the first time liea¢ treatment with L-KYN+PROB
rescues the Schaffer collateral-CA1 synapses fromaired LTP induction after
transient global ischemia.

The results cited above and our observations ptegdrere suggest that L-KYN
administration results in the production of the nopuotective KYNA rather than the
neurotoxic QUIN. This assumption is supported ke/phesent complex histological and
electrophysiological results, which prove that LIYas a precursor of the glutamate
receptor antagonist KYNA, offers advantages oveNRYin the treatment of ischemic
brain damage. These results raise the possibilday lbng-term L-KYN administration
may be useful in delaying neuronal loss in centenrodegenerative disorders.

The primary finding of our comparatiwe vivo electrophysiological examination
of KYNA and G-KYNA was that the peripheral admim&ton of G-KYNA in a dose as
low as 17umol/kg, especially together with PROB, effectivedgluced the responses to
glutmatergic input in region CA1 of the hippocampukile pure KYNA injected either
equimolarly or in higher doses, did not do so. Ehessults suggests that the
manipulation of brain kynurenines, e.g. increas¢hef KYNA level in the brain, may
reduce the overactivation of EAA receptors, anérmsfhovel therapeutic opportunities.

However, the use of KYNA as a neuroprotective agsentather restricted
because it has only a very limited ability to crdss BBB [21]. This is supported by the
results we have presented here: systemically adtaneid KYNA in doses of 17, 34, 68
or 136umol/kg did not cause any observable change inthesthetized animals, either
in their breathing, or in the electrophysiologieativity of their CAl region. Against
this, G-KYNA in a dose of 13famol/kg resulted in the death of the animals ircales,
while 68 umol/kg (i.v.) G-KYNA induced the stoppage of brdath of the animals,
though they could be resuscitated. A dose of G-KY&Asmall as 17umol/kg was
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effective in reducing the CA3 stimulation-evokediaty of the CA1 pyramidal cells in
the hippocampus. This effect was augmented wherY@AKwas administered together
with PROB, which is known to be an inhibitor of ttnansport of organic acids from the
CSF, and has been demonstrated to increase thre dmacentration of KYNA [149].
PROB administered with KYNA was not so effectiveplpably because i.p. or i.v.
injected KYNA does not cross the BBB. A slight demase in evoked activity was
observed with a long (1-1,5 h) delay in these erpemts too. This suggests that PROB
itself induced an increase in the brain KYNA comtevhich is probably based only on
the endogenous KYNA. These results suggest thatY@A passes the BBB much
more readily than does KYNA.

The discovery of the importance of the family ofnkyenines in the brain
function under physiological and pathological caiotis has led to the development of
powerful new compounds that promise to emerge asesof the first effective
treatments for brain neuroprotection and as vakialljuncts or alternative therapies for
other CNS disorders. It is likely that, with conted development, a selection of new
agents will soon be suitable for therapeutic irgation in the prevention or treatment
of brain damage and neurodegenerative disordezasahat at present remain almost
impossible to treat.

Three potential therapeutic alternatives appeaffier the perspectives for the
future (the use of pro-drugs of KYNA, like L-KYNpalication of KYNA analogues;
and manipulation of the KP by enzyme inhibitorsg¢virtheless, it would be especially
important to explore the L-KYN metabolism with safand more sensitive methods in
patients with different diseases. A good numbeeséarchers have measured the levels
of KYNA and QUIN in the plasma and CSF in certaonditions, but the causes and
effects between KYNA and diseases are still nolmn detail, and in most cases they
are quite unknown. In the future, it would be useéduelicit the relationships between
the KP and diseases through the application ofiteesnolecular techniques in line
with the development of powerful new compoundghimface of all these challenges, it
is clearly necessary to develop and spread theoparsherapies of the patients with

utilization of the recent research results.
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