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I Summary

Since the 70s the tricyclic amine amantadine il s anti Parkinson adjuvans as it could
substantially reduce parkinsonian symptoms. Paokitssdisease is characterized by a loss of
dopaminergic fibers of the substantia nigra pamparcta but also the noradrenaline rich fibers
of the locus coeruleus are affected by neurondl daamage. Drugs which are restoring
dopamine levels in the early stage and noradremédivels in later stages are clinically useful.
In the 70s it was revealed that amantadine is ablancrease central dopamine and
noradrenaline levels due to enhanced release akepblockade of the dopamine and

noradrenaline transporter (DAT and NAT).

In the following work we wanted to assess its r@$ea possible releaser like amphetamine or
uptake blocker on the human DAT or NAT by meansupfake experiments, superfusion
experiments and patch clamp, as this was not iddrif the previous studies. The second part
of my work was dedicated to the design of n-methgspartate (NMDA) receptor (NR1/2A)
expressing HEK 293 cells whose NMDA receptor isotadic. In several studies amantadine
also showed NMDA receptor blocking properties. Tgwency of amantadine to suppress
NMDA receptor mediated autotoxicity was comparedhwather test drugs like ketamine in
cell viability assays. The ability of amantadinebtock the entry of the NAT toxin 1-methyl-4-
phenylpyridinium (MPP) was also examined.

Uptake experiments showed that amantadine is 1&stimore potent in inhibiting the NAT
than the DAT. In superfusion experiments amantadiearly demonstrated a releasing action
with a maximum effect less half than that of amphehe. Patch clamp also revealed that
amantadine was a releasing drug at the NAT. On rdopa transporter expressing cells
amantadine produced no significant inward currestggesting a lower affinity at the DAT
which is in agreement with the uptake data. In ¢le# viability assay ketamine blocked
cytotoxicity in the pmol range restoring cell viillyito more than 90% of that of cells without
NMDA receptor induction. Contrary to this, amantaivas only partly protective at 300 uM.
In NAT expressing cells the tricyclic antidepredsdasipramine had the highest potency in
blocking MPP induced toxicity. Amantadine was less potent thesigtamine but 100uM had
a significant effect and 300uM a strong protectefeect restoring cell viability to 80% of
vehicle treated cells.



i Zusammenfassung

Seit den 70er Jahren wird das tricyklische Amin Atadine als Hilfsmittel bei der Parkinson
Erkrankung verwendet da es wesentlich dazu beiRagtinson Symptome zu reduzieren. Die
Parkinson Erkrankung ist gekennzeichnet durch eWfetust von dopaminergen Nervenfasern
der Substantia nigra pars compacta aber auch Naoralitr-héltigen Fasern des locus coeruleus
die auch von Nervenzellschadigung betroffen sindbsBanzen die den Dopaminspiegel
wiederherstellen in der Anfangsphase der Krankkeivie den Noradrenalin Spiegel in
spateren Stadien sind klinisch relevant. In denr ZT&hren konnte gezeigt werden, dass
Amantadin fahig ist den Dopamin und Noradrenaliegpl anzuheben durch Blockade des
Noradrenalin und Dopamintransporters (NAT und DADer durch vermehrte Freisetzung

dieser Katecholamine.

In der nachfolgenden Arbeit wollten wir herausfindeob Amantadin wie Amphetamin
freisetzende Eigenschaften besitzt oder wie eiad&iaufnahmehemmer am DAT und NAT
wirkt. Die Umsetzung erfolgte mittels Uptakeexpeginten, Superfusions- experimenten und
Patch clamp, da der genaue Mechanismus in denrigisheStudien nicht untersucht wurde.
Der zweite Teil der Arbeit bestand in der Herstaljuvon N-methyl-d-Aspartat (NMDA)
Rezeptor (NR12A) exprimierenden HEK 293 Zellen deneuer Rezeptor autotoxisch ist. In
einigen Studien konnte gezeigt werden, dass Amangsl NMDA Rezeptorblocker wirkt. Die
Potenz von Amantadin, NMDA Rezeptor vermittelndadkoxizitat zu unterdriicken wurde in
Vitalitdtsversuchen an diesen Zellen untersuche. EZihigkeit von Amantadin, das NAT Toxin

1-methyl-4-phenylpyridinium (MPP zu blockieren wurde ebenfalls untersucht.

Die Uptake Experimente zeigten, dass Amantadin abpatenter war bei der Hemmung des
NAT als des DAT. Bei den Superfusionsexperimentennke deutlich bewiesen werden, dass
Amantadin einen Freisetzungseffekt besitzt mit minrdaximalwert der weniger als halb so
grol3 ist wie der von Amphetamin. Mit Patch clampnikig auch gezeigt werden, dass
Amantadin ein freisetzendes Substrat am NAT isti @n DAT exprimierenden Zellen

produzierte Amantadin keine signifikanten Einwértase was mit einer niedrigeren Affinitat

am Dopamintransporter zu erklaren ist, Ubereinstminmit den Uptake Messergebnissen. Im
Vitalitdtsversuch konnte Ketamin die Cytotoxiziiét pmolaren Bereich zu mehr als 90%
unterbinden im Vergleich zu Zellen ohne NMDA Repg@ildung. Im Gegensatz dazu war

Amantadin bei 300 uM nur teilweise protektiv.

4



In NAT exprimierenden Zellen hatte das trizyklischatidepressivum Desipramin die hochste
Potenz in der Blockierung der MPRnduzierten Toxizitat. Amantadin war niederpoterdks

Desipramin, obgleich 100 puM einen signifikanten elktf verursachten und 300uM einen
starken protektiven Effekt zeigten der 80% der etellverglichen mit Vehikel behandelten

Zellen wiederherstellte.



1 I ntroduction

11 Amantadine

111 Chemistry of amantadine
The tricyclic amine amantadine is a derivative ddmantan, which itself is a cycloalkane. The
molecule consists of adamantane backbone thathbstisited at one of the four methylene

positions with an amino group. Its known formalylaraminoadamantane (Fig. 1).

NH2
i --;,J' LSl

Fig. 1: structural formula of amantadine

Amantadine is well absorbed and has a completeabaulity. In men, the maximum plasma
levels are reached within 1-12 h after oral adnviai®n. The mean half life is 10-14 hours, in
renal impairment up to 7-10 days. There is a négigmetabolism, thus elimination of
amantadine is predominantly renal as unchanged contp(90%, Aoki and Sitar 1985) The
drug is highly lipophilic, a passage through thedol-brain barrier depends on the degree of
saturation. Toxicological studies indicate a mdfieat in the central nervous system .(Vernier,
et al. 1969). Since the 1960s it has been widegd usr the prophylaxis and treatment of
influenza A. Amantadine acts as an inhibitor of tbechannel M2, which is one of three
important viral integrated membrane proteins. Th& khannel protein is an essential
component of the viral envelope because of itgtgtid form a highly selective, pH-regulated,
proton-conducting channel, which is necessary foralvuncoating. In the presence of
amantadine, viral uncoating is incomplete, and ribenucleoprotein core fails to promote
infection (Basler 2007).



112 Amantadine as anti-parkinson adjuvant

Furthermore, observations in the 70s showed aimaintadine is beneficial for the treatment of
Parkinson disease (PD), as it could substantiadiuce parkinsonian symptoms (Boman and
Porras 1970; Grelak, et al. 1970). Parkinson is@ederative disease of the brain which is
characterized by a progressive loss of dopaminefiiers in the substantia nigra pars

compacta innervating the caudatus nucleus andutaengn which together are called striatum,
beeing a part of the extrapyramidal motor systenorédver, other systems like the

noradrenaline (NA) containing locus coeruleus (Io@urons are also subject of degeneration,
which contributes to the cardinal symptoms tremior and akinesia (Rommelfanger and

Weinshenker 2007). The parkinsonian symptoms #tarf0% of the substantia nigra pars

compacta neurons which project to the striatumlagt The remaining nigrostriatal neurons

are apparently able to compensate a loss by inogeése synthesis and release of dopamine
(DA). A higher postsynaptic DA receptor sensitivaso contributes to this mechanism of

compensation (Rinne 1982).

How leads the degeneration of dopaminergic neutorthie clinical symptoms? The corpus
striatum contains GABA-neurons and a smaller nundbexholinergic interneurons which are
normally blocked by dopamine. In the case of PD ¢helinergic neurons are disinhibited
triggering an imbalance between cholinergic andadupergic neurotransmission. This is a

fundamental step to the clinical symptomatologysisuL997).

The picture is even more complicated if you constde complex wiring of the extrapyramidal
motoric basal ganglia, as a key controller of dedacand processing of currently required
motor and higher integrative non-motor operatiohesges. In the same time, currently not
required activation patterns are suppressed. Thal lganglia can be understood as complex
loop going from the cortex over the basal ganglighe thalamus and back to the cortex (Fig.
2).

Let us have a look on the function and the comptenehthe basal ganglia in normal and
pathological conditions to assess the therapeugioténtial of amantadine. From the whole
cortex glutamatergic neurons are going to thetsimawhich is the entry nucleus of the basal
ganglia. There, they activate GABAergic and chalyne neurons. The further way to the
thalamus is complicated and comprises a directiadoect pathway (Schmidt 1995). The
direct pathway is excitatory while the indirectipaay is inhibitory.



The direct pathway involves GABAergic neurons & giriatum the globus pallidus medialis
(Gpm) and the substantia nigra pars reticularip(SIGABA neurons of the striatum are
activated through DA coming from fibres of the dabsia nigra pars compacta (Snpc) ,

activating D1-receptors.

This GABAergic projection from the striatum to a 8Aergic projection from the Gpm to the
motor thalamus leads to a disinhibition of motoaldémic glutamatergic neurons, and thus
facilitates movement. The same molecular mecharsch neuronal architecture is true for
GABA projections of the striatum to the Snpr, whialso triggers activation of the motor

thalamus.

The indirect connection is a little bit more concplied. Some GABA neurons of the striatum
are inhibited through D2-receptors in the preserideA, this is the case if the first pathway is
active. If DA levels decline, the GABA neurons whiare responsible for the second pathway
are activated. These GABA neurons project to tiebwg pallidus lateralis, where they inhibit
GABA-type neurons projecting to the subthalamic leus (STN). The inhibition of the
inhibition leads again to the disinhibition of dostream located neurons, which are
glutamatergic. The STN depicts a regulation linkheff activities from GABA neurons of both
Gpm and Snpr, which means that increased firingdeéa enhanced GABA-ergic transmission

and in fact weakens the activity of the motor thala.

In the pathological absence of DA, the activity &FABA neurons of the direct pathway is

reduced and the GABA neurons of the indirect pathese enhanced (McAuley 2003). The

outcoming filterfunction of sensomotoric signallit@ the cortex is increased by a dampening
of the motor thalamus. This results in rigor, trerand akinesia which are the major symptoms
of PD.



normal condition pathological condition

inhibition

—

Fig. 2: extrapyramidal-motoric basal ganglia loop in heal{left picture) and in case of Parkinson
(right picture) arrow tips: avettion; dotted lines: activity reduction; doubliaks: activity increase;
glutamate: red; GABA: blue; domine: green; acetylcholine: yellow;1 ,2,3: actiohslopamine and

impaired functions in casaleficiency of dopamine

In literature amantadine is described as unconnpetiiMDAR antagonist (Kornhuber et al.,
1991, Stoof et al. 1992; Blanpied, Clarke et aD®)Q which may explain its effect in PD. In
the case of PD subthamalic glutamatergic effertentSpm and Snpr are disinhibited and push
GABA neurons through NMDAR. This might explain wAWMDAR blockers like amantadine
and memantine reduce PD symptoms. In the caseldfsymptoms it is therapeutically usefull
to begin PD therapy with amantadine or memantineambination with muscarine recptor
antagonists. If this medication is not longer alderestrain the functional limitations of PD
symptoms one may add a DA receptor agonist. Ifftres line therapy fails it is useful to add
the currently most powerful weapon (-)-3,4-dihydrpenylalanine (levodopa) with
decarboxylase-blockers. Levodopa can cross thedHtomin barrier and is intracellulary
decarboxylated to DA, while the decarboxylase bdockemains in the periphery, thereby
preventing an enzymatic transformation of levodtap®A outside the brain. There a higher
DA level is associated with unwanted side effectshsas unstable blood pressure or cardiac

side effects.



113 Dyskinesiain PD

Levodopa and DA agonists are the mainstay of phewtogical therapy for PD and are able to
control PD symptoms adequately for a prolongedogedf time. However, chronic therapy
with these medications is often associated withdéeelopment of choreiform, involuntary
movements called drug-induced dyskinesias (DIDeylare defined as abnormal, excessive
and involuntary movements. As the duration of dopangic treatment increases to a mean of

6 years, over two-third of patients will developD(Lim 2005).

DID represents a major source of disability andieiyyamong the patients. Moreover, it acts
as a dose limiting factor which prevents satisfactmntrol of PD symptoms. As described
before, an abnormal lack of DA leads to hyperatigiof the output nuclei Gpm and Snr
induced by STN leading to excessive inhibitionhe motor thalamus and the cortex which in
turn causes an akinetic crises and other parkiaadeatures. Levodopa is hypotesized to
normalize the direct and indirect striatal outpatipvays, thereby reducing Snr and Gpm

overactivities.

The current state of the art models of DID suggesthe other hand that an excessive decrease
in Snr and Gpm activities disinhibit the motor #ralus giving rise to an abnormal increase in
cortical drive and hardly controllable choreiformotor movements (Papa et al. 1999). But
what is responsible for such abnormal alteratiohs@ most accepted hypothesis is nigro-
striatal denervation, coupled with non-physiologiclpaminergic stimulation. A chronic
pulsatile stimulation of DA receptors leads to ptent changes in the basalganglia which in
turn favours an abnormal pattern of dischargeshim ¢ircuitry and consequently causes

dyskinesia.

However, further studies indicate that things ao¢ that simple, because of a variety of
neurochemical and molecular factors contributin@ptd. One group argues that development
of DID is linked with the appearance of D3 receptdRNA binding sites in the denervated

caudate and putamen from which this receptor sebypormally absent (Bordet et al. 1997) .
GABA neurotransmission is also widely seen in tlasab ganglia. There are also changes in
this system due to DA depletion. Chronic non-intitlent levodopa therapy causing pulsatile
DA stimulation is shown to cause up-regulation @&B& 4 receptors. In post mortem samples
Calon and Di Paolo (2002) have shown increased GAB%eptors content in the Gpm in

dyskinetic PD patients, compared to nondyskineditepts.
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114 N-methyl- D-aspartate receptorsand glutamatein DID

1.14.1 The NM DA receptor

The N-methyl-D-aspartate receptor (NMDAR) is a $jpedype of ionotropic glutamate
receptor often colocalized with Dk-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors in the brain. N-methyl-D-aspartédea selective agonist binding to the
NMDAR but not to other glutamate receptors.

NMDARSs have unique properties, they are both liggated and voltage dependent. For the
activation of the nonselective cation channel figtitamate and glycine must bind on
NMDAR. As NMDARSs are blocked with extracellular Kfg little ionic current passes. After
glutamate release AMPA channels are activated beeipgre for N& If current flows through
AMPA channels the membrane is depolarized. If ghatte release coincides with
depolarisation sufficient to displace the Mipns from the NMDAR, a flow of Naand small
amounts of CH ions into the cell and Kout of the cell takes place (Bear 2001). This pssc
plays a pivotal role in LTP, a process which is licgied in molecular learning processes like

memory and pathologic processes like chronic patchaaldiction.

The NMDAR consists of two NR1 and NR2 subunits forgna heterotetramer. There are eight
splice variants of the NR1 subunit, but NR1-1ahie most abundantly expressed form. The
NR2 subunit got also various isoforms termed NRBugh D. The NR1 subunits bind the

coagonist glycine and NR2 subunits bind the neansimitter glutamate (Cull-Candy et al.

2001).

Antagonists of the NMDAR are used as anesthetatidshave often hallucinogenic properties
like ketamine and PCP, but there exist also othemh therapeutic effects against
neurodegenerative diseases like memantine and adiaatas well as anticraving therapeutics

like acamprosat.

1.14.2 Glutamate receptor mediated mechanismsin DID
Glutamate is the main excitatory neurotransmitter the basal ganglia circuitry. As
dopaminergic denervation progresses the glutamatengurotransmission is thought to

become overactive.
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Attempts to suppress it with manipulation of comnampaminergic drugs often fail, leading to
the exploration of alternative approaches. Glutameteptor mediated mechanisms have been
proposed as contributing factors in levodopa- eglahotor complications in animal models.

All glutamate receptor subtypes (NMDA, AMPA, Kaiaand metabotropic) are found in the
basal ganglia circuitry although NMDA receptors n@gty a key role in the development of
DID. NMDA receptor binding was shown to be increhd®sy 53% in the putamen of PD
patients with motor fluctuations when comparecdhtuse without (Calon et al. 2003).

One major mechanism to improve dyskinesia couldheeblockade of NMDARs, but the
toxicity of clinically available glutamate antagets generally precludes full characterisation of
their antidyskinetic potential. As amantadine isazae and widely used antiparkinsonian agent
which is known to be an uncompetitve NDMA recegitmcker (Kornhuber et al., 1991; Stoof
et al. 1992), its antidyskinetic potential has besaluated in animal models as well as in

human studies.

The group of Thomas Chase (Blanchet et al. 19980 UdPTP monkeys which showed
choreiform and dystonic dyskinesia after a longetimf levodopa administration. When
administered with a relatively low dose of levodpamantadine showed a total suppression of
choreiform dyskinesia as well as a substantial cgoin of dystonic dyskinesia. With a high
dose of levodopa amantadine had a smaller butssgiflificant effect on dyskinesia without
worsening parkinsonian scores. The positive effettevodopa also remained without being
disturbed by NDMA receptor blockade.

In a double-blind, placebo controlled, cross-ovadg Verhagen, L. and colleagues (Verhagen
Metman et al. 1998) wanted to assess the anti dgB&ipotential of amantadine in 18 patients.
In the 14 patients completing this trial, amantadimeduced dyskinesia severity by 60%
compared to placebo, without altering the antipes&nian effect of levodopa. It is unclear, if

amantadine might be selective for a specific subohthe NDMA receptor complex. Drugs

which are in development selectively targeting aiartsubunits are supposed to give even
greater benefits to the patients without increasadgerse effects. However, based on the
current results, a large proportion of patientshvatlvanced PD and motor complications can
be expected to benefit from the addition of amanwado their standard medications.

Nevertheless, amantadine may have also side effegttgling nervousness, anxiety, agitation,

insomnia and difficulty in concentrating.

12



12 I mplications of the noradrenergic system in PD

The main hallmark in PD is the loss of nigrostiidd® neurons leading to the well known

symptoms akinesia, tremor and rigor. As describefbrie, the gold standard in therapy is
levodopa which ameliorates those motor symptomsould have been shown that several of
the symptoms of PD, mostly those which appear ie kiter stages, do not respond
satisfactorily to levodopa treatment. Symptoms kkgnitive disorders, postural instability, a
frozen gait and autonomic dysfunction are belietedbe rather of noradrenergic than
dopaminergic nature. Post-mortem studies have shotat also noradrenergic

neurotransmission is impaired in PD. There is areise in NA-levels combined with a

neuronal loss in the locus coeruleus of patientis RD (Gesi et al. 2000).The site where NA
nuclei are located is mainly the LC or A6 cell gnoand medullary nuclei designated as
Al,2,A5 and A7 (Fig. 3). The LC projections go teetwhole neocortex and the limbic

forebrain (amygdala, septum, hippocampus).

Cell groups from A1-A7 inervate mostly the septumd ahypothalamus. In addition a
descending pathway innervates the spinal cord wpiokides autonomic functions. The LC
projections are widespread in the central nervgis¢esn and may have pervasive effects at
diverse terminal regions such as the neocortex lembic areas. These facts suggest the
implication of the NA system in several procesagshsas motor function, learning, memory,
mood and autonomic functions which are all togetimgraired in PD.

Thalamus
Hippocampus

Cerebral cortex Tectum

Cerebellum

Olfactory
bulb

Septal
nuclei
>— LC projections

Hypothalamus >-- A1, A2, A5 and A7 projections

Amygdala

Fig. 3: Noradrenergic nuclei and their projections inrdiebrain.L C = locus coeruleus

A large body of evidence indicates that noradrenesystems interact with dopaminergic
systems in the brain. Electrophysiological findingsggest that LC neurons can stimulate
nigral neurons. Noradrenergic neurons exert a teraitatory influence on SNc DA neurones

since experimental lesions of the LC with neuratexdecrease the release of DA in the rat

13



striatum as measured by microdialysis in vivo (gate et al. 1992). Thus, there is a rationale
for pharmaceutics enhancing central noradrenengiction. Studies have shown a possible
neuroprotective effect of so calleg-adrenoceptor antagonists.

121 Noradrenergic a, autor eceptors

Alpha-2receptors are located both post and presynapticélig significance of presynaptic
receptors is their ability to modulate transmitelease (Langer 1980). Presynajpticeceptors
are autoreceptors which are excited by NE relebsethe respective neuron. The autocrine
activation ofa, adrenoceptors inhibits NE release. Several passit@chanisms are supposed
to be responsible for a diminution of NE releaske Toupling ofu, autoreceptors with a;G
protein leads to an inhibition of adenylate cycJassulting in a decrease of intracellular cAMP
and C&" concentration. It attenuates the rate ®&" entry through inhibition of voltage gated
C&”* channels and inhibits thus vesicle fusion. A farthctivation and opening of K channels
triggers hyperpolarisation of the neuron termin@s. the other hand autoreceptors of fihe
subtype mediate facilitation of NE release duetitmgation of adenylate cyclase with a G
protein, leading to an increase in cAMP and a syliset increase in intracellular €a

concentration.

The presence of presynaptic facilitatory and irtbityi adrenergic receptors on the same nerve
terminals provide a fine-tuning control of stimuesoked NE release which could be
influenced in favour of an increased NE releaseibgdrenoceptor blockers like idazoxan or

yohimbine (Langer 1980).

1.2.1.1 ay-adrenoceptor blockersin PD

In humans a parallel group, double blind, randothiggdacebo controlled study showed, if
single doses of 25 and 100ug/kg idazoxan were adtrated, an improvement of the unified
Parkinson’s disease rating scale motor score (%) 2515 patients with PD (Peyro-Saint-Paul
et al. 1995). The most influenced symptom (50-7@8rovement) was rigidity, while tremor

was not responsive to the drug.

In a study on MPTP monkeys rendered dyskineticigi Hdoses of levodopa an antidyskinetic
effect have been observed without compromising ahparkinsonian efficacy of levodopa

(Bezard et al. 1999). In a study on 18 patient$ vAarkinson's disease receiving long term

14



levodopa treatment, the severity of L-DOPA-inducggkkinesia improved after 20 mg
idazoxan pretreatment, while there was no concotantitworsening in the antiparkinsonian
response to levodopa (Rascol et al. 2001). Thetexachanism of action has yet to be
elucidated. It could be hypotesized thatadrenoceptor blockers located on LC neurons,
leading to activation of the LC-SNc pathway resigtin an enhanced compensatory activity of

surviving DA neurons.

Although az-adrenoceptor antagonists may provide some beogbatients with PD, they also
can induce several side effects. In the periphleey tan mediate troublesome cardiovascular
effects by enhancing sympathetic tone, leading¢oeiased blood pressure and tachykardia. At
the central leved,-adrenoceptor antagonists can promote anxietysstate increase vigilance.
Long term clinical studies are necessary to asgbessafety ofi,-adrenoceptor antagonists in

the treatment of PD.

13 Effects of amantadine on DA and NE neur otransmission

According to the previous paragraph, enhanced N& BA transmission by means of
pharmaceutical manipulation can help to relief pe#nian symptoms. Therefore, already in
the 1970s the effects of amantadine on DA/NA uptake release were intensively examined.
The literature contains evidence that amantading antby releasing catecholamines (Scatton
et al. 1970, Spilker et al. 1974), or by inhibititige neuronal uptake of catecholamines
(Thornburg and Moore 1973, Fletcher and Redferr®197

In a recent study, the effect of amantadine onaegtiular DA levels in the rat striatum was
studied using an in vivo microdialysis (Takahashiaé 1996). Amantadine was applied
through dialysis probe for 20min. The extracellu@A content was increased in a dose
dependent manner. The findings of this study sugtied amantadine might influence DA

concentration by facilitating DA release from di@iadopaminergic nerve endings.

In a rat model of PD, levodopa derived extracetlgi@atal DA levels were measured by in
vivo microdialysis after unilateral denervation ®hydroxydopamine (Arai et al. 2003). After
DA levels became stable all rats were injected wWithdecarboxylase inhibitor benserazide and
divided into three groups and amantadine 10 or 3Rgygr vehicle was administered 15min
prior to levodopa injection (50 mg/kg, 30 min aftenserazide injection). A single dose of

15



levodopa given to the 6-OHDA-lesioned rats incrdabe DA levels to 286 fmol/sample at 80
min after levodopa administration. Pre-treatmerithvaimantadine led to a higher value of 388
fmol/sample at 100 min in amantadine 10mg/kg graupe highest level was obtained in the
30mg/kg group with 670 fmol/sample. This is thestfiexperimental study which exhibits the
effect of amantadine on the metabolism of exogencidOPA in rats with dopaminergic

denervation.

In an earlier study Farnebo and colleagues (Fareélab 1971) wanted to assess the DA and
NA releasing action of amantadine in the centratl geripheral nervous system. In
biochemical superfusion experiments of tissues frortreated rats they studied the effect of
amantadine.’H]NA uptake was studied in isolated irides andesliof the cerebral cortex and
the PH]DA uptake in neostriatal slices. The irides wesgperfused after incubation with
[*H]NA for 30 min and then electrically stimulatedtiwvbiphasic pulses. The tritium efflux was
higher if 10 uM amantadine was present in the buffieostriatal slices were superfused after
incubation with fH]-DA for 40 min and then stimulated for 2 min. this case there is also a

higher tritium efflux in the presence of 10 uM arnaatine.

In functional experiments rats with a 6-hydroxydmi@e-induced unilateral degeneration of
nigrostriatal DA neurons were treated with 50mgdkgantadine. In these rats supersensitivity
of DA receptors can be observed on the denervatied¥A receptor stimulating agents such
as apomorphine increase the DA receptor activigggpentially on the denervated side forcing
the rat to rotate to the intact side (Marshall &htherstedt 1977). In contrast, DA releasing
agents, such as amphetamine only increase DA @cagptivity on the intact side forcing the
rats to rotate to the denervated side (Fig. 4, thsigdt, 1971).
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Fig. 4: Rotational behaviour of rats with unilateral degieted nigrostriatal
DA neosinduced by 6-OH dopaminépomorphine causes rotation away

fronetlesion due to activation of supersensitive dopaméceptor signalling
on thsioned side. Amphetamine causes rotation towsrdesion due to enhanced
dopamieéease from the unlesioned side (Ungerstedt, 1971

Amantadine made the rats turn to the lesioned 3ites fact, together with the previous
superfusion experiments, suggested that amant&iadaout 25-50 times less potent a releaser
than amphetamine. Amphetamine exerts its actiooutiitr the closely related monoamine
transporters, dopamine and noradrenaline trangpdfteamantadine acts via monoamine

transporters, remains to be determined.

14 The noradrenaline transporter

The neurotransmitter NA, released from noradrecengiurons of the peripheral or central
nervous system is a prominent chemical messendmtimsystems. The NA transporter (NAT)
contributes to the termination of action of NA hletsynaptic cleft by rapid removal through
reuptake into the cytoplasm (lversen 1971; Tremdrley 1991). The NAT not only regulates
the longevity of NA in the synapse but also playew role in maintaining the presynaptic and
postsynaptic homeostasis. NET exerts a fine regilabntrol over NA-mediated behavioural
and physiological effects including mood, depressimognition, regulation of blood pressure

and heart rate.
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Pathomechanisms associated with the NAT e.g featisigrbances and depression exhibit the

NAT as a useful target for therapeutically usedydru

141 NAT Structureand Function

Na" and Cl are the two critical ions involved in substra@ngport by the NET. Bis the only
other ion that can partially mimic the function ©f. Other monovalent cations then Nare
not able to take over its unique role (Friedrickl @onisch 1986). The Nayradient based on a
high N& concentration outside and a low Neoncentration inside the neuron is the main
driving force across the plasma membrane provitliegransport direction from the outside to
the inside. In addition Kis creating a negative membrane potential whiaftrdmutes to the
translocation mechanism. Both ion gradients arenta@ied by the key ion pump NK*-
ATPase, which can be blocked by e.g oubain leamtirsgsuppression of NA uptake.

The group of H.Bonisch is suggesting a transportiehtbased on a single centre gated pore
mechanism with alternating access of the solutéhéobinding site (Bonisch 1998). In this
model the empty and mobile carrier is loosing hsbility by first binding the co-substrate
Na'. Subsequently, the substrate NA and the cosubdiiaaire bound resulting in a regain of
mobility. After translocation has finished by disgiion of substrate and co-substrates, the
carrier is returning in its unloaded state to exe@new cycle (Fig. 5). The model proposes
that NA is translocated as positively charged'N#d coupling of NA transport with Naand

CI" occurs at a stoichiometry of 1NANa":1CI (Pifl et al. 1997).
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Fig . 5: Mechansim of noradrenaline transport.The actionoshdrenaline at the synapse is terminated bgitgtake across
the pre-synaptic membrane. This is an energy depenocess. Sodium/potassium ATPases use energyATP hydrolysis
to create a concentration gradient of ions aclosgte-synaptic membrane that drives the openittigeofransporter and co-
transport of 1 sodium and 1 chloride ion and lewole noradrenaline from the synaptic cleft. Patassons binding to the
transporter enable it to return to the outward tpmsi Release of the potassium ions into the syoayeft equilibrates the ionic
gradient across the pre-synaptic membrane. Thelremaline re-uptake transporter is then availablgind another

noradrenaline molecule for re-uptake (www.cnsforgm/imagebank/item/Rcpt_sys_N_reup_5/default.aspx).

The NAT, the DA transporter and the serotonin fpanter belong to the family of NACI
dependent monoamine transporters (Amara 1992).cldmed human NAT cDNA is an 1857
base pair open reading frame, predicting a protdir6l7 amino acids with a mass of
approximately 69 kDa (Pacholczyk al. 1991). The ANprotein consitsts of 12 putative
transmembrane domains (TMs), each of 18-25 amims an length (Fig. 6).The amino and
carboxy termini are both located in the cytoplasmde. The large extracellular loop between
TM3 and TM4 has several potential N-glycosylatittess Glykosylation is strongly involved
in cell surface expression, e.g a fully glycosyliatéAT protein has a greater likelihood of
being expressed on the cell surface than a pobrtpgylated protein (Melikian et al. 1996). In
addition to glycosylation sites, there are sitaspiotential phosphorylation by protein kinase C
and casein kinase 2 within the intracellular pdrthe transporter. Experiments using chimera
constructs between NAT and DAT suggesting thatoregfrom the amino-terminal through the
first five TMs are likely to be involved in the @hte process and ionic dependence., whereas
the region from TM4 to TM8 is involved in substratanslocation (Buck and Amara 1994).
Regions between TMs 6-8 are postulated to deterrmingclic antidepressant binding and
cocaine interactions.
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The large extracellular loop also contains two eiyst residues conserverd among all members

of the family suggesting to play a role in a fuootl transporter conformation.

Synapse
T111 111
, Gell membrane

JLTITITLLL

Cyloplasm

Fig.6: Schematic presentation of the hNAT viewed fromftbat. The typical hANAT has 12 transmembrane spann
domains. The amino and carboxyterminal domainitighe cytoplasm. Five loops are located intradatly and six loops
extracellulary. The first five TMs are involvedtime uptake process, whereas the region from TM&M8 is involved in
translocation (http://journals.cambridge.org/futitecontent/ERM/ERM3_29/S1462399401003878sup004.htm).

142 Tissue expression

NAT mRNA expression is mainly located in the reg@omhere noradrenergic pathways are
present, respectively the LC complex in the dopsals, especially in the nucleus LC proper as
it is revealed by3H]nisoxetine binding (Smith et al. 2006JH]nisoxetine is a high affinity
NAT inhibitor used as radioligand. NAT mRNA is atidnally expressed in ensemble with
dopamineB-hydroxylase mRNA, which is a further marker for N&xpression patterns, in the
lateral tegmentum of the medulla and pons (Eymial.e1995). All these regions inclose most
of the noradrenergic cell bodies in the centralvoes system. Interstingly, moderate
concentrations of°H] nisoxetine binding in a serotonergic cell boegion, the dorsal raphe
nucleus have also been reported in rats. Thistrdltes the interconnections of the central

noradrenergic and serotonergic neuronal systems.

Arising noradrenergic neurons originating from kbeus coeruleus, project to many different
brain regions and may thus influence complex nepathways involved in autonomic and
neuroendocrinal regulation, arousal, attention afigctive behaviours like emotion and
depression. In the periphery a NAT expression caroliserved in the placenta the adrenal

medulla and in sympathetic ganglia.
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The NAT protein is expressed on noradrenergic bellies, dendrites and axons but not
directly in the active zone of the synapse but materally (Schroeter et al. 2000). This has
been demonstrated for the closely related DAT too.

143 Regulation of NAT function

NAT function can be regulated in several ways. dtyrbe acutely or chronically depending on
the stimulus. It may be due to changes in genesdrgtion, posttranslational modifications
such as phosphorylation, protein trafficking, ck&lston interactions and oligomerization
(Zahniser and Doolen 2001). A long term change beygue to long-term blockade e.g NAT
inhibiting antidepressants. Long term applicatidndesipramine was shown to produce up-

regulation of NAT mRNA in the rat locus coeruleus.

In contrast phorbol-ester mediated activation ofCPKvhose regulation among monoamine
transporters seems to be universal, leads to pbogdption of NAT. This in turn triggers its
rapid internalisation into the cytoplasm from théasma membrane. Reduced surface
expression of NAT is the primary mechanism contiiigito PKC-induced decrease in NAT
activity (Bonisch et al. 1998).

Also neurotransmitters like acetylcholine are afigrtransporter function by reducing,fut
not Vmax thus decreasing NA uptake. Angiotensin Il affedt®d pressure in the sympathetic
nervous system which uses NA as neurotransmitt@ri@mteracting with the NAT. A long
term Angiotensin Il triggered activation of the ATdceptor induces an up-regualtion of NAT
MRNA through activation of the Ras-Raf-MAP kinaka €t al. 1996). Short term Angiotensin
Il exposure leads to an increase of NA uptake Ippsttranscriptional event inducing a rapid
increase in NAT surface expression. The procesdNAT movement from the plasma
membrane is supported by a close localization oiagtic vesicle pools and proteins like
syntaxinl and SNARESs with the NAT.

144 NAT inhibitors

In the nanomolar range the NAT is inhibited by was antidepressants (ADs) such as the
tricyclic ADs nortryptiline and the ADs reboxetimasoxetine and atomoxetine. Among the
tricyclics desipramine is the most selective onermghs the most selective drug under all
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mentioned is reboxetine (Kaspar et al. 2000). T¥yelpostimulant cocaine and its
phenyltropane analogue RTI-55 are also blocking\tA& but are not so selective as they
additionally block the DAT and the SERT (Olivieradt 2000).

The high-affinity drugs desipramine and nisoxetine experimentally used as radioligands
thus providing density of transporter sites in @as tissues. Different studies indicate that
NAT inhibitors bind to a site at the NAT which istndentical with the substrate recognition
site but may overlap with it. However, the drugéhngsite and the mechanism of this
inhibition are poorly understood. It is suggesteat &ll blockers have in common that they are
directly locking the gate, preventing a conformaéibchange, thus inhibiting substrate
transport (Zhou et al. 2007).

15 The dopamine transporter

The DA transporter (DAT) is an integral membranet@in in dopaminergic cells that removes
DA from the synaptic cleft and reuptakes it inte firesynapse where DA is then recycled and
packed into vesicles in a clathrin dependent psacBgcause DAT is terminating the DA
signal it plays a crucial role in DA related disersl like attention-deficit hyperactivity disorder,
clinical depression, alcoholism and cocaine adalic{Sharp et al. 2009; van der Zwaluw et al.
2009).

The DA uptake sites interact with MPRhe active metabolite of the parkinsonism indgcin
drug MPTP, as they represent the preferred paehtiy into the dopaminergic cell. Besides of
pharmacology, the decisive role of DAT was finalgvealed by its knockout in mice,

triggering behaviour similar to ADHD in human.

151 Function and mechanism of dopaminetransport

DAT is a symporter that moves one DA molecule aval W& in presence of one Thcross

the cell membrane by coupling the movement to tlegetically favourable movement of
sodium ions along the concentration gradient ineodell (Fig. 7). In two independent studies a
fixed binding order of Na before DA was observed (McElvain and Schenk 1992)| three

binding partners are present, the protein undergaamformational change eliciting the

22



translocation step. The lower affinity of DA fortiDAT at higher [K]/ [Na'] ratios in the
intracellular fluid may favour the dissociation@f from the DAT on the inside. The
mechanism for uptake of DA and other biogenic asiiseontrolled by the transmembranal
gradient of Naand breaks down in a medium in which'N&iso-osmotically replaced with
sucrose, choline or lithium (Syringas et al. 20@)bstitution of Clwith other anions causes

also a markedly reduced high-affinity uptake.
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Fig. 7. Mechanism of dopamine transport.The action ofadape at the synapse is terminated by its re-upakess the pre-
synaptic membrane. This is an energy dependenégso&odium/potassium ATPases use energy from Admlysis to
create a concentration gradient of ions acrosprfesynaptic membrane that drives the openingefrdmsporter and co-
transport of 2 sodium and 1 chloride ions and lemde dopamine from the synaptic cleft. Potassioms binding to the
transporter enable it to return to the outward tpmsi Release of the potassium ions into the syoaeft equilibrates the ionic
gradient across the pre-synaptic membrane. Thendiopae-uptake transporter is then available td inother dopamine
molecule for re-uptakeyww.cnsforum.com/imagebank/item/rcpt_sys_DA _reufaldie.aspx).

152 Protein Structure

The human DAT protein has an estimated size of BBJa and a 92% overall identity with
the rat. Its homology with the human NET is 66%daked by 46% with the serotonin and
42% with the GABA transporter. The DAT is part of family of N&-/Cldependent
transporters which is debilitated in its functioitheut the correct ratio of N&I'/K™ (Nelson

1998). In biochemical and bioinformatical approactee structure has been predicted with 12
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stretches of 20-24 hydrophobic amino acid residbas likely represent membrane spanning
domains (Fig. 8). The amino and carboxyterminal dions supposed to be into the cytoplasm.
The proposed model predicts five intracellular axdextracellular loops between the TMs. N-
glycosylation of the transporter occurs between Tad TM4. Two co-ordinating residues in
the large extracellular loop and in the loop betwden7 and TM8 has been found which
provide spatial proximity between the loops (VaugH®95; Volz and Schenk 2005). The
transporter is also intracellulary modified by giatkinase C (third intracellular loop), cAMP-
dependant protein kinase (near the amino terminaaih) and C&-calmodulin-dependent
kinase (near the carboxyterminal domain). TM2 aiPTdisplay two leucine zipper motifs,
structural features that are normally present inAEBhding proteins mediating protein-protein
interactions and might be involved in structurajamisation of the transporter. The substrat
binding pocket lies between the second and fouxtinaeellular loop which are in spatial

proximity due to histidine residues, building aZecoordination centre (Loland et al. 2002).

E
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Fig. 8: Schematic presentation of the hDAT viewed fromftbat. The typical hDAT has 12 transmembrane spamni
domains. The amino and carboxyterminal domainitighe cytoplasm. Five loops are located intradetly and six loops
extracellulary. The substrate binding pocket Widhin the second and fourth extracellular loopgahkhare in spatial proximity

due to histidine residues, building a?Zroordination centre (Loland et al. 2002)

153 Uptake blockers

DAT is also the target for uptake blockers whicé strictly speaking drugs which interact with
the transporter and lock it in a conformation whare translocation in both directions is
possible. One example is cocaine (Ravna et al.)2Q08ler the action of cocaine more DA is

available in the synapse (Fig. 9) and our rewastlesy is overstimulated eliciting a pleasurable
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feeling and reinforcement. Self administration ekpents of cocaine, performed with rodents,

show us the addictive potential of this substance.

154 Amphetamine like substances

All lipophilic and thus centrally active phenyletagnines are belonging to this group. A wide
range of behavioural processes are affected: mattvity, aggression, sexual behaviour
learning, memory and self administration are mostisnulated, whereas sleep, digestion and
spermatogenesis are suppressed. Amphetamine-lilggs dncrease the action of both DA and

noradrenaline in the synapse but are dependemt iotact system of DA or NA neurons.

Amphetamine activity involves several crucial stépg. 9) (Gainetdinov et al. 2002; Sulzer et
al. 2005). First it enters into the neuron by DAlhen it penetrates into vesicles via the
vesicular monoamine transporter 2 (VMATZ2) or difars and disrupt the vesicular pH
gradient, which leads to redistribution of vesiculktores of DA into the cytoplasm.
Amphetamine subsequently reverses the DAT in agz®called exchange diffusion. This in
turn results in a massive outflow of DA to the exgllular space. Additionally amphetamine
inhibits the monoamine oxidase, giving rise to ghlr level of non degraded intracellular DA.
This results in a raise of DA in the synaptic glefhich is subsequently released in higher
doses than under normal conditions. In the presehPAT blockers amphetamine is not able
to reverse the action of the DAT. The abusing piaeis high and neurotoxic effects were
demonstrated, especially for methamphetamine.

Cocaine Amphetamine

DAT %

_______ o~ LMAQ.

Fig. 9: Schematic presentation of cocaine and amphetamaiien. Cocaine blocks the DAT thus inhibiting DAiptake.
Amphetamine action involves several crucial stepsty into the neuron and disruption of vesiculldrgradient. Reversial of
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DAT causes massive outflow of DA by exchange diffasAdditional inhibition of MAO causes a riseiitracellular non
degraded DA (Gainetdinov et al. 2002).

As DAT and NAT are electrogenic transporters bigdh a transporter substrate will induce
ion currents whereas an inhibitor will attenuate eoirrents. This interplay can be studied by
patch clamp recordings (Galli et al. 1995, Sittalet1998; Khoshbouei et al. 2003).

16 Patch clamp

Patch clamp is a revolutionary method developethbyGerman neuroscientists Bert Sakmann
and Erwin Neher (Neher and Sakmann, 1976). In 188y had been awarded the Nobel Prize.
Patch clamping enables one to record ionic currgmtsigh single channels or the whole cell.
This technique is based on a simple idea. A glgsstte with a very small opening is gently
lowered onto the membrane of a neuron. The pimpettéains an Ag/AgCl electrode which is
connected to an operation amplifier, as well asigetfe solution corresponding to the
intracellular fluid (Fig. 10). The reference electe must be placed into the bath solution. The
aim is to form a tight seal between the underlyagch of membrane and the walls of the

electrode. It is named Giga-seal so because bigtselectrical resistance >2@hm.
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Fig. 10: siraplified diagram of a patch-clamp

atnplifier, ¢} feedback resistance

After forming the Giga-seal the experimentator suok a tube connected with the pipette to
break through the membrane. Now the whole cellriéog mode is produced (Figure 10). The
interior of the pipette becomes continuous with ¢gtoplasm of the cell. This mode allows
measurements of electrical potentials and currieots the entire cell. It allows perfusion with
different substances to investigate the behavibtieowhole cell.

There are also two other variants which are baseti@finding if once there is a tight seal one

can pull away the membrane with its intracellularface exposed. This arrangement is called
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the inside-out patch recording configuration. lbak measuring of single channel currents,
making it possible to change medium to which theagellular surface of the membrane is
exposed. Channels that are activated by intraeelligands like cAMP can then be studied
through a range of ligand concentrations. On therdband, if the pipette is torn away while it
stays in the whole cell configuration, a membraatlp is produced having its extracellular
surface exposed. This variant is called the outsigeconfiguration, which is optimal for

examining the properties of an ion channel whas grotected from the outside environment,
but not in contact with its usual environment. T¢@me patch can now be perfused with
different solutions e.g. neurotransmitter contagnones, and if the channel is intracellulary

activated a dose response curve can then be studied
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2. M aterials and methods

2.1 Cdll culture

The cells used in my experiments are human embryadney 293 cells grown in

minimum essential medium with Earle’s salts 1-ghitae, 10% heat-inactivated fetal bovine
serum and 50 mg/I gentamicin on 60 or 100 mm tissiteire dishes (Falcon) at 37°C and 5%
CO2/95% air. The cells were either transientlytably transfected with the human DAT, NAT
or NMDA-receptor subtype NR1/2A. For the stableression of hDAT and hNET in HEK
cells the expression vector pRc/CMV was used asritbes! previously (Pifl et al., 1996). The
cell lines used were called 293D13 and 293N17 nk@st of the patch-clamp experiments and
for all experiments on NMDA-receptor expressingtie tetracycline-regulated expression
system called T-Ré¥X was used which allowed expression of the protiires inducible

manner.

2.1.1. Cellsexpressing the DAT or NAT in an inducible manner

T-RexMis a tetracycline-regulated mammalian expressistesy that uses regulatory
elements from th&.coli Th10-encoded tetracycline (Tet) resistance opdfanil).
Tetracycline regulation in the T-RE%system is based on the binding of tetracyclindéoTet

repressor and derepression of the promoter coingaixpression of the gene of interest.
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Fig.11: Repression of the Tet operator by the Tet reprgds@nd 2.) and induction of transcription by tey@ine (3. and 4.).

The main components of the T-R¥xsystem include (Fig.12):

An inducible expression plasmid, pPCDNA4/TO, for eegsion of a gene of interest under
the control of the strong human cytomegalovirusediate-early (CMV) promoter and
two tetracycline operator 2(Tes}3ites

A regulatory plasmid, pcDNA6/TR which encodes the Tet repressor (TetR) under the
control of the human CMV promoter

Tetracycline for inducing expression

A control expression plasmid containing theZ gene, which when cotransfected with

pcDNA6/TR®, expresseB-galactosidase upon induction with tetracycline

29



1. Ligate gene of inberast
Into thi inducible
expressicn vecior

2 Cotransfect the inﬂuclngi_ axprassion
Ircduscitsl = 1 veelor and pcOMAGTR into
Exprassion mammalian cells

ctor
£1 ks

k-
+ Totracycline e
B Peuy gare o inlerest gl o i

3. Add teiracycline to derepress the hybrid 4. Agzay for A
CMVITed0, prometar and induce expressed profoin
axprassion of the desired gune

Fig. 12: Cloning of the gene of interest into the inducikpression vector and cotransfection with the &gy
plasmid pcDNA6/TR into mammalian cells. After traaxion, cells are treated with tetracycline to gegss the

hybrid CMV/TetO2 promotor in the inducible express@ttor and induce transcription of the gene adristt

The cotransfection (see 2. in Fig.12) was dongvmdonsecutive steps. In a first step HEK293
cells, or HEK293 cells stably expressing the hNAtratransfection with hNAT/pRc/CMV,
were stably transfected with the regulatory plasmpicDNAG/TR® which encodes the
tetracycline repressor protein under the controthef human CMV promoter. The cell lines
obtained from this first step were cells that wkech293/T-Rex and NAT/T-Rex. In a second
step these cells were then stably transfected with expression plasmid pcDNA4/TO
inducibly expressing the transporter cDNA. For DAXpressing cells only 293/T-Rex were
used, for NAT expressing cells both, 293/T-Rex &AIT/T-Rex, which should result in a
particularly high expression level of NAT in cadeNAT/T-Rex.

2.1.1.1. Transfection using calcium phosphate

Two million 293/T-Rex or NAT/T-Rex cells were pldtento 100-mm diameter cell culture
dishes one day before transfection. At the dayaisfection, the medium was first changed.
Six to seven hours later, 5 pug of hDAT/pcDNA4/TOr hNAT/pcDNA4/TO-DNA in 450ul of
H,0 were mixed with 50ul of 2.5M Cagfand 500ul of a solution containing 0.28 M NacCl, 50
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonicidadpH 7.1) and 1.5 mM sodium
phosphate and the total volume of 1 ml was addeq by drop to the 100-mm dish. In the next
morning a glycerol shock was applied to boost thedfection yield: the medium containing
Ca-phosphate precipitates was sucked off, the eeflie shortly exposed to 1ml of 15%
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glycerol in PBS, this solution was immediately t#di with 10ml PBS, sucked off and 10ml of
new medium was added. One day after transfectiells avere split 1:4 and 1 day later
selection of cells was executed with 0.3 g/l ofaedin presence of 5 mg/l of blasticidin) in
the medium. After 2 to 3 weeks arising cell clome=e transferred by sterile 200 pl Gilson
plastic tips into 48 well plates, later grown up @gynsecutive splitting into 24- and 6-well
plates and finally tested for uptake &f[J[DA in 24-well plates as described in chapter D8t

of several cell clones displaying specific uptake ¢tlones DAT/TO20, DAT/TO8, NAT/TO17

(obtained from 293/T-Rex) and N12/TO1 (obtainedrfrdlAT/T-Rex) were used for patch-

clamp experiments.

2.1.2. Cédlllinesexpressing the human NR1/2A NM DA receptor

| generated HEK-cells heterologously expressingrmdn NMDA receptor consisting of the
subunits NR1 and NR2A. Since the expression oNDA receptor is cytotoxic | chose the
inducible expression system T-R¥xWe received the cDNA of the hNR1 subunit inserted
into the bluescript vector (Dr. Shigetada Nakaniahd the cDNA of the hNR2A subunit (Dr.
Antonio Ferrer-Montiel) in an unknown vector whiste identified as pcDNAI by sequenzing
and bioinformatic alignment. A further cloning dietNR2A cDNA into the pcDNA4/TO

vector appeared to be difficult because of unfaablér restriction sites. Therefore, | undertook
to subclone the hNR1 into the pcDNA4/TO vector.

2121 Subcloning of the NR1 subunit

The aim was to cut out the gene of the hNR1 sulnwutibtf the bluescript cloning vector and
insert it into the pcDNA4/TO expression vector. Taéegth of NR1 is 2814 base pairs (bp),
upstream from ATG there are 422 bp and downstream TGA there are 1303 bp. This adds
up to a cDNA of 4539 bp (Fig. 13), a little smaltean the gene with non-coding gene regions
deposited in genebank (5137 bp). According to iegin sites in bluescript a cut with Notl

and EcoRI was the most promising because pcDNA4/@@®Notl and EcoRlI in the polylinker
region allowing a directed insertion of NR1with Ridigation upstream and Notl ligation
downstream. In order to obtain sufficient amouritsfkiNR1 a maxiprep plasmid extraction

was done followed by restriction digestions.
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Fig. 13: Restriction map of the subunit NR1 in pBluesccrip{(-3Ka plasmid phNR1 of 7500 bp received by Dr. Nakiai.
(Karp et al. 1993)

Notl

PhNR1 EcoRI

EcoRI + Notl

Notl

pcDNA4Ao FcoRI

EcoRI + Notl
1kb ladder

3000bp | 1600bp 1000bp 500bp
4000bp  2000bp

Fig. 14: Restriction digestion of phNR1 and pcDNA4/to with NDand ECOR1

A cut with Not | linearized phNR1 or, due to theclear visualization, left it unaffected (Fig.
14). Cutting with EcoRI+Notl or EcoRI alone resdlten the bigger insert (consistent with
4539bp) and the smaller vector (consistent with1®@9, a similar pattern because of the
vicinity of Notl and EcoRI upstream of NR1.
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The same treatment of pcDNA4/TO resulted in oneftagment in each case, linearizing by

the single cuts and cutting out just a few basesgeom the polylinker in case of EcoRI+ Notl.

Further restriction analysis using Bcll on phNR# &ssHII on pcDNA4/TO should give
information of the ability of Notl to cut phNR1 aftoRI| and Notl to cut pcDNA4/TO (Fig.
15).

FcoRI + Notl

phINR1 Notl + Bell

EcoRI + Bell

EcoRI + Notl

peiabias/ 10 NotI + BssHII

EcoRI + BssHII

1kb ladder

16006 -
Wy LT Shobp

3000bp

4000bp

Fig. 15: Restriction digestion of phNR1 and pcDNA4/to withfeliEnt combinations of restriction enzymes.

The double cut by EcoRI+Notl of pHNR1 led againvextor (consistent with 2961bp) and
insert (consistent with 4539bp). The double cutNwmtl+Bcll only linearized the construct
(consistent with 7500pb), obviously Bcll was noteato cut in our hands. In agreement with
this interpretation, the double cut by EcoRI+Bdll dot produce three fragments, but a similar
result as EcoRI+Notl. The double cut of pcDNA4/T©orfsistent with 5078 bp) by
EcoRI+Notl presumably removed 27 bp from the pokéir resulting in one big fragment of
about 5000 bp. A cut by Notl and BssHII, which &0 bp downstream of Notl, produced two
fragments, the smaller about 1200 bp. The doublte EmoRI+BssHII resulted in similar
fragments, the shorter one in agreement with th&7 1% based on the restriction map of
pcDNA4/TO. Thus, both EcoRI and Notl are able pero pcDNA4/TO.

Based on this information, the subcloning strate@g to cut out the NR1 from phNR1 by
EcoRlI and ligate it into the pcDNA4/TO between Eteites.
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Therefore, 3 pg of phNR1 and 3 pg of pcDNA4/TO wareby EcoRlI (Fig.16).

phNR1
FEcoR1
pcDNA4/TO EcoRI
1kb ladder
4000bp
S000bp

Fig. 16: Restrictiondigestion of phNR1 with Hind3 and EcoR1 pnB®NA4/to with EcoR1

The resulting bands, about 4500 bp in case of ph&RI5000 bp in case of pcDNA4/TO
(5078 pb according to Invitrogen), were extractexnf the gel using the QlAquick gel
extraction kit with a final extraction volume of 0. This resulted in about (3000 x
(4539/7500) x 0.8) = 1452 ng NR1 and in about 30038 = 2400 ng of linearized
pPcDNA4/TO, each in 30 pl, assuming an 80 % extoacyield of the kit. A 3:1 molar ratio of
insert:vector was intended for ligation. Therefd&@,ng of p)cDNA4/TO required 134 ng of
NR1 based on the formula (ng of vector x kb sizasért)/(kb size of vector) x molar ratio =
(50 x 4539)/5078 x 3 = 134 ng and the ligation weisup by mixing 2.8 pl of extracted insert
0,65 ul of extracted vector, 4.5 pp®l, 2 pl of 5x buffer, 10 ul of 2x ligase bufferdah pl of
ligase (5 units/ul). After transformation of IM1€8lIs, 10 colonies were picked, minicultures
grown and minipreps analysed for the subcloninglpcoby Hindlll digestion (Fig.17).
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Fig. 17: Restriction digestion of minipreps with Hind 111

After digestion with Hind Il minipreps 3, 6 andh@d 2 fragments which were about 7000 and
2400 bp long. Based on the restriction schemegtilBia fragment of 7206 = (5137-
2968+5078-1020+979) bp together with a fragmera4dfl = (2968-598+1020-979) bp would
indicate the right orientation, whereas 7407 = @968+5078-1020+979) bp and 2210 =
(5137-2968+1020-979) bp would indicated the wrongrdation. The slightly bigger

fragment of about 2400 in miniprep 9 suggests eecobinsertion in this case.
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Fig. 18: Hind III cut of NR1/pcDNA4/TO with correct insertiaan the left and the opposite insertion on thetriGluter
numbers indicate positions of restriction siteshimithe vector, inner numbers the positions withiminsert.

For clarification | decided to do another restoatdigestion which produced 3 fragments using

the enzyme Bglll (Fig.19).

1kb ladder

500bp

Fig. 19: Restriction digestion of minipreps 6 and 9 with Bgl |
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Based on the restriction scheme in Fig.20 the rigigntation would result in three fragments
of 860 + 1400 + 7357 bp, the wrong orientation e fragments 860+3433+6184bp. In
miniprep 6 the 1400 bp fragment was clearly missimgt it was present in miniprep 9,

indicating the successful subcloning for minipref-&.19).

EcoRI EcoRI
1020 1020
373
~ 373
Bglnl = Bgﬁﬂ"
| | /
BglIl 1851
"oz gl o 13

peDNATO NR1 peDNA4TO NE1

5078 5078
BglII 1851

1020 1020
EcoRI EcoRI

Fig 20: Bgl Il cut of NR1/pcDNA4/TO with correct insertion dhe left and the opposite insertion on the righiter numbers

indicate positions of restriction sites within tyector, inner numbers the positions within the ihse

Miniprep 9 was proliferated for further experiments

2.1.2.2. Transient transfection of NR1 and NR2A subunits

Two million cells were plated into 100-mm diametell culture dishes one day before
transfection. At the day of transfection, the mediwas first changed. Six to seven hours later,
3 ng of NR1/pCDNA4/TO and 3 pg hNR2A/pcDNALI in 43@f H,O were mixed with 50ul
of 2.5M CaC} and the further transfection procedure was asritbestin 2.1.1.1.

One day after transfection, induction of the reoceptas started by treatment with 1 mg/I
tetracycline or vehicle as a control. Cells werdtexhally treated with 500 pM memantine or 3
mM Mg** to block against cytotoxic effects of the NMDA eptor, or left untreated or treated

with memantine alone. The cells were harvestetifuting two days after transfection.
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2123 Stable transfection of NR1 and NR2A subunits

For stable transfection | used the cDNA of the sitbINR1 in the expressiong vector
pcDNA4/TO which allowed selection with the antiliozeocin. Since | had to use the cDNA
of the subunit NR2A in the expression vector pcDNvthout any selection marker, | applied
5 times more NR2A/pcDNAI than NR1/pcDNA4/TO for mamsfection reasoning that this
ratio would make it very likely that cells resistan zeocin would not only express the NR1
but also the NR2A subunit.

Two million cells 293/T-Rex cells were plated irt@0-mm diameter cell culture dishes one
day before transfection. At the day of transfectithre medium was first changed and six to
seven hours later, 1 pg of NR1/pCDNA4/TO and 5 N&BA/pcDNAI in 450ul of HO were
mixed with 50ul of 2.5M CaGland the further transfection procedure was asritbestin
2.1.1.1. One day after transfection, some plate® wplit 1:8, other plates were split 1:4 to
reach the right density of cell clone selection.oTaays after transfection selecting antibiotics
were added, zeocin at 0.3 g/l and blasticidin agy/ar\fter 8 days, medium was changed and
new blasticidin and zeocin were added. Five datgs Eingle clones were identified by putting
the cell culture plates on a black paper. The domere sucked off with Gilson pipette tips and
transferred into 48 well plates pre-filled with GrB8 medium per well (+selecting antibiotics).
Six days later each of the cell clones was sptéarafypsinisation into one well of a 24-well
plate and one well of a 48-well plate with respeetabelling. On the next day tetracycline was
added (0.1mg/l) for induction of the NMDA recepinrthe 48-well plate. Cell clones dying in
the 48-well plate (assumingly due to functional NMDeceptor expression) were further
grown up from the corresponding 24-well plate bpsacutive splitting of confluent cell layers
into 6 well plates and finally 100-mm plates. Calisluced by tetracycline and protected
against cytotoxic effects by 200 pM memantine whegvested for radioligand binding.
Uninduced cells and cells induced by tetracyclinin &nd without memantine were visualized

by phase contrast microscopy using a CCD camera.

2.2. Patch-clamp experiments

Thirty to seventy thousand cells were seeded iotg-lysine coated 35 mm tissue culture
dishes. Cells with inducible transporter were edatith tetracycline at a final concentration of
0,1mg/l in the medium immediately at seeding (isecaf NAT) or on the next day (in case of
DAT). Two to three days after seeding, the cellsemeashed twice with bath solution and

finally incubated in 2 ml of bath solution for 3dmuntil patch-clamp recordings.
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One 35-mm plate was used for about 1-1.5 hours.bHth solution consisted of (mmol/l): 4
Tris-HCI; 6.25 4-(2-hydroxyethyl)-1-piperazineetlesnlfonic acid (HEPES); 120 NaCl; 5KCI;
1.2 CaC}; 1.2 MgSQ; 130 NaCl; 34 D-glucose and 0.5 ascorbic acid7pgH The final
osmolarity was 300mOsm/I. Patch pipettes weredfiléth (mmol/l): 130 KCI; 0.1 CaG] 2
MgCly; 1.1 EGTA; 9 HEPES; 0.65 TRIS; pH 7.2, with an ofamity of 270 mOsm/I. The
solutions were sterilized by filtration through 20m filter and stored for up to two weeks in
the refrigerator.

2.2.1. Pipette Puller

Patch electrodes were pulled from borosilicateggtagpillaries (GB150F-8P, Science Products,
Hofhem, Germany) with a programmable Brown-Flammgropipette puller (P-97; Sutter
Instruments Co., USA). The ultimate size and shafpa micropipette is determined by the
parameter values that are programmed by the usgrogramm consists of one or more cycles
which, when executed in sequence, will pull theil@y glass inserted in the instrument
giving rise to two pipettes. A programm can be a@Btcycles in length and consists of the
arbitrary units velocity, time and heat. Heat colstithe level of electrical current supplied to
the filament. The velocity value determines thenpat which the heat is turned off and reflects
the speed at which the two carrier bars are modungng the weak pull. Time controls the
length of time the cooling air is active. To asstgsheat value a ramp test, which is a heating

point detection, must be started.

After the first melting point is determined the ggacapillary is adjusted in a position where the
glass has not yet been melted. Then the rampstasaited again. This procedure is done three
times in order to obtain three values from whick thedian is calculated. The heat setting is
recommended to be the ramp test value plus 15.uUnitsy programs the velocity was in a
range from 23 to 30. The time was always constani5® and heat was determined as
described before. In Fig. 21 there is an example mrogram with four steps. More then one
step creates a shorter taper and thus a lowert@ipesistance. There was no fixed size of
velocity and heat which always was a little bittiadl and error in order to get pipettes with a

bellied form in contrast to lance shaped ones whiete not optimal.
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Heat velocity  Time

565 25 150
565 24 150
560 23 150
560 21 150

Fig. 21: Example for a puller-program

For receiving pipettes with a smaller opening tlesg was slightly melted under the microscop
with a tungsten filament in a process called heéisping. Patch electrodes were finally heat-

polished to a tip resistance of 3-AM

2.2.2 Drug application device

Test drugs like amantadine and cocaine were appk&d a PTR-2000/DAD-12 drug
application device (ALA Scientific Instruments InaVestbury, NY), allowing a complete
exchange of solutions surrounding the cells undeamgnation within <100ms. During

measurements cells were continuously superfusddbaiting solution.

The DAD system is needed for a programmed appticaif substances which are filled in 12
syringes. The liquid column is under constant agspure. Low voltage digital signals direct
power to valves to effect open and closed statethd open state the air pressure forces the test
substance with a certain concentration throughba tuhich is connected with the manifold, a
high tech construct made of 13 capillaries derifrech gas chromatography which discharge
into one small opening. With the manifold the celle superfused permanently with buffer
and for a fixed time point with buffer containinigetdrug of interest. The DAD is connected
with a PC which allows to be programmed in a waat tine valves filled with different test
drugs are opened and closed for a certain timegemtil the program ends. The DAD is also
connected with another PC with the software clampdych assures the recordings of

previously installed DAD programs.
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2.2.3. Voltage clamp mode

Recordings were performed in the whole cell configjon using an Axopatch 200B patch-
clamp amplifier and the pClamp data acquisitiorteayps(Axon Instruments, Foster City, CA,
USA) at room temperature (approx. 25°C).

As the patch clamp recording uses a single eleettodvoltage clamp the cell, it allows the
researcher to keep the voltage constant while wlsgechanges in current. The voltage clamp
configuration is depending on the Ohm's law U=I XRthe case of a steady voltage you can
measure the influx as | which is getting highethié resistance is getting lower according to
U/R=l. in the voltage clamp modus (V=-70mV) recogiinof experiments with different test

drugs and ligands were performed eliciting or iitimig an inward current.

2.3. Uptake-experiments

Cells were seeded in poly-D-lysine-coated 24-wigtgs (1.3 x IDDAT/TO cells/well and 1 x
10° 293N17 cells/well) and, 1 day later uptake wadquered. The uptake buffer consisted of
(mmol/l): 4 Tris-HCI; 6.25 4-(2-hydroxyethyl)-1-p&pazineethanesulfonic acid (HEPES); 120
NaCl; 5KCI; 1.2 CaGt 1.2 MgSQ; 34 D-glucose and 0.5 Na-ascorbate; pH 7.1.

Solutions in the multi-well plates were quickly remed using a Pasteur pipette connected to
vacuum pump with a washing bottle in between artkddy a repeating pipette. First, the cell
culture medium was sucked off. Cells were washetd 800 ul uptake buffer and incubated in
400 pl buffer. Then 50 ul of a tenfold stock saatof cocaine or amantadine in uptake buffer
was added. Uptake was initiated by addition of 3 [fi¥]-DA and went on for 2.5 min at 25°C
on a slide-warmer. Uptake was stopped by suckihghef500 pl and washing the wells twice
with 1 ml of ice-cold uptake buffer. Finally, 400 f 1% SDS were added to the cells, heated
in a microwave oven for 20sec, and the SDS solutias transferred into 5ml-minivials using
a 1ml Gilson pipette. Radioactivity was determinada liquid scintillation counter after
addition of 3ml water-miscible scintillation cocktéd=or determination of total activity, 50ul 3
UM [*H]-DA was mixed with 400 pl 1% SDS and 3 ml liquidintillation cocktail.
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24, Superfusion

Cells were seeded onto poly-D-lysine-coated 5-mamnéiter glass coverslips in 96-well tissue
culture plates at a density of 40000 cells per v&fie day later DAT or NAT expressing cells
were loaded with 6 or 0.5 uMH]1-methyl-4-phenylpyridinium (MPB, respectively, in 50 pl
uptake buffer at 37°C for 20 min. The coverslipgevihen transferred into small superfusion
chambers and superfused with the same buffer a$ feseuptake experiments (25°C, 1.0
ml/min). After a wash out period of 45 min to edistlb a stable efflux of radioactivity, the
experiment was started by collecting 4-min fracsiarto 20-ml tubes using a fraction collector.
Three fractions were collected to obtain a baselaee, then superfusion was switched to a
buffer containing the various drugs of interest 34 fractions. At the end of the experiment
superfusion of 1 % SDS eluted the total radioaistivh the cells on the coverslip. The
radioactivity in the superfusates and the SDS-§satas determined by liquid scintillation
counting after addition of 6 (buffer fractions)16.5 ml (SDS-fractions) scintillation cocktail.
The radioactivity released during a specific 4mrgcfion was expressed as percentage of the
total radioactivity present in the cells at the ihagng of each fraction by adding up

radioactivity in the respective and all followingétions including the SDS-fraction.

2.5. Radioligand binding on NM DA receptor expressing cells

For harvesting 3x 100 mm plates were put on ick,ccéture medium was sucked off, cells

were washed with 10 ml PBS and 5 ml PBS was adaeadh plate. Then cells were scraped
from the first plate in 5 ml PBS and transferretbia 50 ml falcon tube. This was repeated for
the remaining plates. Then the three plates wensezutively rinsed with 5 ml PBS and this

added up to a total of 20 ml cell suspension whel centrifuged for 10 min at 2400rpm. The
pellet was re-suspended in 30 ml of buffer (50mNs-Bicetate, pH 7.0), and centrifuged for %2
hour at 4°C with 17000rpm in a SS34-rotor. The Itesy pellet was resuspended in 500 pl

buffer and frozen at -80 °C.

For the binding assay, frozen samples were regiedisvith 10 ml buffer in SS34-tubes,
homogenized with a repeating pipette and finalledi up to 35 ml with buffer and centrifuged
30 min at 17000 rpm. Pellet was resuspended in |[HOBuffer with the repeating pipette
resulting in the final membrane preparation. Thne@dred pl of buffer, 50 pul of 100uM
glutamate/glycine, 50 pl of 50nMH]MK801 and 100 pl membrane preparation were mixed
and incubated for 2h at 24°C.
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For unspecific binding 50 pl of a mixture of 100uMIGP39653(Ciba Geigy)/10 uM
L701324(Merck Sharp & Dohme) instead of glutamadyeige was used.

Incubation was stopped by addition of 4 ml of icddcbuffer and rapid filtration through
Whatman GF/B Filters presoaked for 1h in polyethiyténe (0.3% in HO), using a 48-place
Brandel (Gaithersburg, MD) harvester. Filters weeshed twice with 4ml ice-cold buffer and
transferred into counting vials. 1.8 ml of scirilbn cocktail was added and vials shaked
vigorously. Thereafter vials were agitated for 20miwo samples with 1.8 ml of scintillation
cocktail and 50 pl of 50nM3H]MK801 were prepared for measurement of total vitgti

Radioactivity was counted with liquid scintillati@ounter.

The protein content of the membrane preparationdegasrmined by the Bio-Rad Protein assay
based on the method of Bradford. Since the memlpeggaration was diluted 1:10 in water,
the protein standard (bovine serum albumine, B8Ag dissolved in 5mM Tris-acetate. Five
dilutions containing 2, 4, 8, 12 and 16 ug BSA/BQvere prepared. The assay was performed
in duplicates by mixing 750ul 4@ with either 50ul 5mM Tris-acetate for autozero50yl
standard solution or 50ul 1:10 diluted membranegygmation and 200 pl of dye reagent
concentrate in photometer vials and incubatior2fdmin at room temperature. Absorbance of

samples was measured at 595nm.

2.6. Cell viability assay

Cell viability was determined in 96 well platesv&ithousand cells were seeded in 200 pl
medium per well. One day later the NAT or the NRXLf2ceptor was induced by tetracycline
at a final concentration of 0.1mg/l by adding 2f1i&d.00x stock to 200ul medium and the cells
were exposed to various drugs (desipramine, amiaetakietamine ..) by adding 4ul of a 50x
stock to 200 pl medium orJ@ as vehicle. Toxicity in NAT expressing cells waduced by
adding 2ul of a 100x stock to 200ul medium to abtaifinal concentration of 1uM MPP
Two ul H,O was added as vehicle. The application scheméhéwarious drugs is shown in
Fig.22
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Fig. 22: Application scheme of substances for hNAT expresskils in 96-well plates. Cells in the first columiwells on
the left were not induced (-tet), all other wellsrertreated with 0,1mg/l tetracycline (tet.). Coluofinvells were treated with
vehicle (V) or increasing concentrations of degigiree or amantadine as indicated. Four rows of wgH#ow) were treated

with 1 uM MPP as toxic agent or stayed untreated (vehicle, blue)

Toxicity in NR1/2A cells was observed one day afteceptor induction presumably due to

glutamate in the culture medium. The applicationesge for the various drugs is shown in

Fig.23
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Fig. 23: Application scheme of substances for NR1/2A expnessells in 96-well plates. Column of wells wereatezl with
vehicle (V) or increasing concentrations of amaim@ar ketamine as indicated. Four rows of wellsentecated with
tetracycline for induction of toxicity mediated bypression of the NMDA receptor (tet., green) aystl untreated (vehicle,

blue).



Three days after administration of drugs to NATIsahd one day after administration of drugs
to NR1/2A-cells the number of living cells was asited by measuring acid phosphatase
activity according to Yang and coworkers (1996j)st:icells were washed with 200 ul PBS.
Then cells were incubated with 100 pl of NPP buf@e8232 mg p-nitrophenylphosphate + 9.9
ml H,O + 1.1ml 1 M sodiumacetate, pH 5.4, in 1 % tri¥6A00). Fourty eight wells were
handled in a row. Incubation was at 37°C for twarnso The reaction was stopped by addition
of 10ul of a 1M NaOH solution. Absorbance was meagat 405 nm in the microplate reader.
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3. Results

3.1 Uptake experimentson NAT or DAT expressing cells

Several publications reported effects of amantadine monoamine neurotransmission in
rodents (see chapter 1.3.). Therefore, it seemduktoteresting to investigate the effect of
amantadine for the first time on the human NAT &AIT. First, the uptake of’H]DA was

measured in NAT and DAT expressing cells in preseat increasing concentrations of

cocaine and amantadine (Fig. 24).
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Fig. 24: Uptake of DA in HEK-cells expressing the human D@pen symbols) and the human NAT (closed symhaigler
increasing concentrations of cocaine and amantadinedicated. Symbols represent means +/- staraiewdof n independent
experiments, each in duplicates. n=10 for amanéathirDAT, n=6 for cocaine in DAT, n=8 for amantaglim NAT, n=4 for

cocaine in NAT. The data of each experiment witredf by nonlinear regression.
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Amantadine was able to block the uptake by the MADAT in a concentration-dependent
manner and had a 15 fold higher potency for blagkime NAT than the DAT. Cocaine, as
positive control, was nearly equipotent at the D&1d NAT and about 15 fold more potent

than amantadine at the NAT.

3.2. Release experimentson NAT expressing cells

The effect of amantadine in uptake experimentsccbel due to pure uptake inhibition similar
to the action of cocaine, or due to a releasingaci herefore, the effect of amantadine was
studied in superfusion experiments and its effeas wompared to amphetamine as a positive

control (Fig.25).
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Fig. 25: Superfusion of HEK293 cells stably expressingtthman NAT grown on 5-mm-diameter coverslips andoaced
with [*H]MPP*. Effects of amphetamine and amantadine induceshsel of {HJ]MPP" at the concentrations indicated. Bar
indicates fractions after exposure to amphetaminearnantadine. Symbols represent means +/- stanelaod of three

independent experiments.
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In these superfusion experiments one can clead\ttss# amantadine acted as a releasing drug,
however its intrinsic activity was about half oftlof amphetamine as the maximally induced
tritium efflux was 4% per 4 min fraction as comghte 9% per 4 min fraction induced by
10uM amphetamine, a concentration of amphetaminehwis nearly maximally active as

reported previously (Sitte et al., 1998).

The releasing effect of 100 uM amantadine was cetalyl suppressed by the presence of 10
KM mazindol (Fig.26)
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Fig. 26: Superfusion of HEK293 cells stably expressinghtbenan NAT grown on 5-mm-diameter coverslips andoaaed
with [*H]MPP". Bars indicate fractions after exposure to mazimd@mantadine. Symbols represent means +/- stredeor

of 3 independent experiments.

This concentration of mazindol also blocked theasing effect of 10 uM amphetamine

completely (Fig. 27).
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Fig. 27: Superfusion of HEK293 cells stably expressing thman NAT grown on 5-mm-diameter coverslips andqaeéd

with [*H]MPP*. Bars indicate fractions after exposure to maziratohmphetamine. Symbols represent means +/- stnda

error of 3 independent experiments.

3.3.

Patch-clamp experiments

3.3.1. Patch-clamp experimentson NAT expressing cells

The type of interaction of a substance with plagmmathal neurotransmitter transporters can be

investigated by the patch-clamp technique. Theegflovoltage-clamped HEK293 cells

expressing the human NAT in the whole-cell confegion. In a first series of experiments the

effects of NA and amanatadine, each administer@uealwere investigated. (Fig. 28).
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Fig. 28: Effects of amantadine on whole-cell patch-clampordings of HEK293 cells stably and inducibly exgsiag the
human NAT. The cells were voltage-clamped at aihglgotential of -80mV and superfused at the timesked by the bars
for 4 s with noradrenaline and amantadine at threeotrations indicated. Shown are mean values wéutraces + SEM

(grey area) of 19 cells. * p < 0,02 versus first-Mluced inward current by paired Student’s t-test.

After a forerun of buffer lasting for 8 seconds BONA was superfused for 4 seconds causing
an inward current of about 60pA. Repeated supenfusif amantadine for 4 seconds with
buffer for 8 seconds in between, led to an inwandent of about 10 pA. A second superfusion
with 30uM NA also triggered an inward current whiehs significantly smaller (45 pA) than

the first one which might be due to a phenomenastesensitization in these experiments.

In another program of superfusion, the effects Afasid amantadine, which were administered

alone and together, were investigated (Fig. 29).
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Fig. 29: Effects of amantadine on whole-cell patch-clamprdings of HEK293 cells stably and inducibly expiag the
human NAT. The cells were voltage-clamped at dihglpotential of -80mV and superfused at the timasked by the bars
for 2 s with 30 uM amantadine or 10 uM NA. Showe mrean values of current traces + SEM (grey ared) gells. * p <

0,0005 versus NA-induced inward current in the @nes of 30 M amantadine.

A 2-second switch of superfusion from one bufferteming syringe to another buffer-
containing syringe did not induce any change ofanir Superfusion with 30 pM amantadine
induced an inward current of about 10 pA, and 10 NK in the continued presence of
amantadine caused an additional inward currenbofial0 pA. The following 3 repetitions of
2-second superfusions with 10uM NA alone led tardlux of about 25pA without signs of

desensitization. These experiments demonstratdtanuating effect of amantadine on NA-

induced inward currents.
If currents induced by NA and modified by amantadare related to the NAT it should be

affected by the NA uptake blocker cocaine. Themfbmvestigated the effect of cocaine in the

next series of experiments (Fig.30).
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Fig. 30: Effects of cocain®n whole-cell patch-clamp recordings of HEK293 £sliably and inducibly expressing the human
NAT. The cells were voltage-clamped at a holdingepbtal of -80mV and superfused at the times matkethe bars for 2 s

with 30 uM cocaine and/or 10 pM noradrenaline. Shave mean values of current traces + SEM (greg) ael4 cells.

A forerun of buffer for 8 seconds was followed by-gecond superfusion of 30uM cocaine
and a subsequent application of 10uM NA in the icoetd presence of 30 UM cocaine.
Cocaine induced a small outward current of abolil®pA which can be explained by blockade
of a leak current in NAT-expressing cells. In firesence of cocaine NA was without effect,
however the blocking action of cocaine could be hedsout since after 8 seconds of buffer
three repeated applications of 10uM NA for 2secaath elicited inward currents of about 30
pA.
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3.3.2. Patch-clamp experiments on DAT expressing cells

First the effect of amantadine was compared widh ¢ii DA (Fig.31).

Fig. 31: Effects of Am on whole-cell patch-clamp recording$HiEK293 cells stably and inducibly expressing B&T. The
cells were voltage-clamped first at a holding ptigtof -80mV and superfused at the times markgdhe bars for 4 s with
DA or Am at the concentrations indicated. Shownraean values of current traces + SEM (grey are&)adils.

After an 8-second forerun of buffer, superfusiorl6ftM DA for 4 seconds elicited an influx

of about 40 pA. After a washout with buffer for 8cends repeated administration of 10uM
amantadine for 4 seconds had no significant eHiadtapplication of 10uM DA for 4 seconds
at the end of the superfusion program led agaantmward current of approx. 40 pA.

Since amantadine had no effect on the DAT on ita,dlve question was weather it modified

the effect of a transporter substrate on the DAMerefore, | designed a superfusion program,
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30 uM Amantadine
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buffer 10 uM NA 10 uM NA 10 uM NA 10 uM NA
] [ ] ] ]

Fig. 32: Effects of Am on whole-cell patch-clamp recording$HEK293 cells stably and inducibly expressing EWET. The
cells were voltage-clamped first at a holding ptgf -80mV and superfused at the times markethleybars for

2 s with Am or Am in presence of NA or NA alonetla¢ concentrations indicated. Shown are mean valfiesrrent traces +
SEM (grey area) of 10 cells. p>0,05 versus firgtdard current of NA in presence of Am.

where | could assess the effect of amantadine ahdlhne and a combination of both (Fig.
32). After a forerun of buffer for 8 seconds supsidn with 30 uM amantadine for 2 seconds
induced a minor, transient inward current and sgiset superfusion of 10 uM NA in the
continued presence of 30 uM amantadine elicitednamrd current of about 30 pA. After
buffer washout three 2-second applications of NKkefaating with 8-second applications of
buffer) led to an inward current of about 40 pA gfiwas significantly higher than the effect
of the combination of NA with amantadine. This Bitd a small blocking effect of amantadine
on the DAT.

This DAT blockade was much weaker than that byptfeeotypic DAT blocker cocaine. In my
last patch-clamp experiment the effect of cocalnaeand its effect on the DAT substrate NA
was investigated (Fig.33).
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Fig. 33: Effects of cocaine on whole-cell patch-clamp reougd of HEK293 cells stably and inducibly expregsihe DAT.
The cells were voltage-clamped first at a holdpagtential of -80mV and superfused at the$ marked by the bars for
2 s with cocaine or cocaine in presence of NA or &ldne at the concentrations indicated. Shown a&nnvalues of current

traces + SEM (grey area) of 12 cells.

A forerun of buffer for 8 seconds was followed lpsrfusion of 30 UM cocaine for 2 seconds,
a subsequent combination of 30 uM cocaine with [MONA for another 2 seconds and, after a
8-second washout with buffer, three repeated agiobics of 10 uM NA, 2 seconds each, with
8 seconds of buffer in between. Cocaine elicitednaall outward current of less than 10 pA
similar to its effect at NAT expressing cells. T¢@nbination of cocaine and NA was
essentially baseline and after a washout with bdéie8 seconds the repeated NA applications
led to inward currents of about 30pA revealingtaltoecovery of the NAT function after

cocaine is washed away.
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3.4. Characterization of cells expressing the human NR1/2A receptor

34.1. Radioligand binding after transient transfection

First | cotransfected equal amounts of the subiNiR4- and NR2A-cDNA into 293/T-Rex
cells and assessed the formation of functionalptecs by binding of the radioligandH]MK-
801 to membranes prepared from these cells.

Specific binding in fmol/tube
uninduced 0.696
receptor induced 16.94
hippocampal membranes 39.16

Table1: Binding results of transient transfection.

Due to variable amounts of protein per tube (2.5inugninduced cells, 58.8 pg in induced
cells, and 36.9 pg in hippocampal membranes) spduiiding per mg protein was not higher
in induced than in uninduced cells after transtearisfection.

3.4.2. Cytotoxicity after stable transfection

Cell clones surviving the selecting antibiotic wgrewn up and on each clone the effect of
induction by tetracycline on viability was determih Effects of receptor-induction by
tetracycline and the protective effect of the NMDaeptor antagonist memantine was
visualized in selected clones seeded in a 24- drithaell plate by phase contrast microscopy
(Fig.34 and Fig.35).
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Fig. 34: Phase contrast microscopy of different clones2d-avell plate after induction with tetracyclinetime absence or

presence of 200 puM memantine as well as withouwtdtidn as a control.

induced +
0.2 mM memantine

induced control

clone #71

clone #82

clone #76

Fig.35: Phase contrast microscopy of different clonesi2-avell plate after induction with tetracyclinetime absence or

presence of 200 UM memantine as well as withoutdtidn as a control.
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Induction of the receptor by tetracycline inducetl death with round, partly floating cells
loosing their processes and connections to othisr (&g. 34 and 35). The presence of 200 uM
memantine provided protection against NMDA receptediated autotoxicity and the cells

resembled the control cells not induced by tetriogc

3.4.3. Radioligand binding after stabletransfection

Cell clones showing cell death induced by tetraogclvere induced in the presence of
cytoprotective memantine and harvested for radaolthbinding. Cell membranes prepared
from human post mortem brain (fronto-parietal cortere used as a positive control.

The results for the different clones are summarfeaah two binding experiments in Table 2.

Protein amounts per tube
clone 1 117.2 ug
clone 8 4.8 ug
clone 12 24 ug
clone 22 116 pg
clone 27 84 ug
clone 29 24.4 ug
clone 71 77.6 ug
clone 76 70 ug
clone 82 84 ug
clone 83 96 ug
frontoparietaler cortex (+control) 138 ug
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Specific binding (pmol/mg protein)
clone 1 0,009
clone 8 1,61
Clonel2 no specific binding
clone 22 0,017
clone 27 0,076
clone 29 0,275
clone 71 0,003
clone 76 0,009
clone 82 0,017
clone 83 0,031
frontoparietaler cortex (+control) 0,629

Table2: Protein amounts and specific binding in differeeit clones with inducible expression of the NR1/2&eptor and

human cortical membranes as a positive control.

Specific binding varied considerably between clelhes and was much lower than in human
cortex, except for clone 29. The result for clorie Bot reliable due to the small amount of

protein.

3.5. Toxicity assayson NAT or NR1/2A-receptor expressing cells
In order to determine the potency of amantadintherNAT and the NR1/2A-receptor under in
vivo conditions, | used a cytotoxicity model whéteckade of the NAT or the NR1/2A-

receptor produced a concentration-dependent cytieginee effect.

35.1 M PP*-induced cytotoxicity in NAT expressing cells

NAT expressing cells were treated with 1 uM MR¥hich enters the cells through the NAT as
a gate and decreases cell viability as describediqusly (Pifl et al., 1996). Treatment of the
cells with drugs blocking the NAT increased celbhility in a concentration-dependent
manner. The unselective DA and NA uptake blockezintol was tested in the range of 0.03
and 10 uM (Fig.36).
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Fig. 36: Effect of mazindol on MPRinduced toxicity in NAT expressing cells. Cells exgsing the NAT under the control of
the T-Rex™ were seeded in 96-well plates and ondateythe NAT was induced by treatment with tetcdioe, cells were
treated with mazindol at the concentrations indidatnd toxicity was elicited by 1 uM MPRell viability was determined by
measuring acid phosphatase activity 3 days latetivily was measured in quadruplicates and expceaseercentage of that

of vehicle-treated cells. Symbols represent meduegat SEM of 2 separate experiments.

At 1 uM there was a weak, at 10 pM mazindol a gkeatection against MPP

In another series of experiments the selective NhoEker desipramine was tested in the same
range of 0.03 to 10 uM (Fig.37). In these experitseNPP had a stronger cytotoxic effect

decreasing cell viability to 40 % of that of veleicteated cells.
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Fig. 37: Effect of desipramine on MPRnduced toxicity in NAT expressing cells. Cells esgsing the NAT under the control
of the T-Rex™ were seeded in 96-well plates anddaydater the NAT was induced by treatment withatetcline and
desipramine was added at the concentrations ireticaid induction of toxicity by 1 uM MPPCell viability was determined
by measuring acid phosphatase activity 3 days. |Atgivity was measured in quadruplicates and esged as percentage of

that of vehicle-treated cells. Symbols represeramalues + SEM of 5 separate experiments.

Desipramine increased cell viability in a concetitradependent manner with weak effects at

0.1 and 0.3 uM and nearly restored cell viabilityt@ pM.

| tested the ability of amantadine to protect NAPressing cells against MPRytotoxicity in

the concentration range of 3 to 300 uM (Fig.38).
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Fig. 38: Effect of amantadine on MP#nhduced toxicity in NAT expressing cells. Cells eagsing the NAT under the control
of the T-Rex™ were seeded in 96-well plates anddaydater the NAT was induced by treatment witha®tcline,
amantadine was added at the concentrations indieate toxicity was elicited by 1 uM MPRCell viability was determined
by measuring acid phosphatase activity 3 days. lAtgivity was measured in quadruplicates and esged as percentage of

that of vehicle-treated cells. Symbols represeramalues + SEM of 9 separate experiments.

Amantadine increased cell viability in a concentratdependent manner, there was no effect
up to 30 uM, a significant protection at 100 uM<(p.05 by Student’s t-test) and at 300 uM

cell viability was increased to about 80 % of uatesl cells.
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3.5.2. NR1/2A-receptor induced cytotoxicity
In cells expressing the NR1A/2A receptor underdbetrol of the T-ReX" system cytotoxicity
was induced by treatment with tetracycline, elngtithe synthesis of NMDARs which are

excitotoxic presumably due to constanfQaflux into the cell triggering apoptosis.
Treatment of the cells with drugs blocking the NMDéceptor increased cell viability in a

concentration-dependent manner.The noncompetitiviaganist at the NMDA receptor

ketamine was tested in the concentration rangetofl®00 uM (Fig.39).

100

90 A

80 A

1

60

viability (%)

50 -

40

30 T T T T T
0 1 10 100 1000 10000

Ketamine (uM)

Fig. 39: Effect of ketamine on toxicity induced by NMDA egator expression. Cells expressing the NR1/2A-recapider

the control of the T-Rex™ were seeded in 96-weltgdand on the next day the NR1/2A-receptor wasciedl iy treatment
with tetracycline and ketamine was added at the@atnations indicated. Cell viability was determirtad measuring acid
phosphatase activity 24 hrs after treatment. Atstiwias measured in quadruplicates and expresseeresntage of the activity

in uninduced cells. Symbols represent mean valu@EM of 3 separate experiments.

Ketamine increased cell viability in a concentratdependent manner at concentrations up to
300 pM which restored viability to more than 90 #wainduced cells. At 1000 uM a marked

reduction in viability to 70 % was observed.

In another series of experiments | tested the nmplatitive antagonist memantine in the
concentration-range of 1 to 300 uM (Fig.40).
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Fig. 40: Effect of memantine on toxicity induced by NMDAceptor expression. Cells expressing the NR1/2A-receptder

the control of the T-Rex™ were seeded in 96-wellgdand one day later the NR1/2A-receptor was irdlbgdreatment with
tetracycline and memantine was added at the coratiems indicated. Cell viability was determined measuring acid
phosphatase activity 24 hrs after treatment. Atstiwas measured in quadruplicates and expresseérasntage of that of

uninduced cells. Symbols represent mean values &B separate experiments.

Memantine increased cell viability concentratiompeledently reaching a maximum protective
effect at 100 uM with a viability of about 90 % wfinduced cells.

Finally, | tested amantadine for its protective i@tt against NMDA-receptor induced

cytotoxicity in the concentration range of 1 to 3004 (Fig. 41).
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Fig. 41: Effect of amantadine on toxicity induced by NMDéceptor expression. Cells expressing the NR1/2A-tecemder
the control of the T-Rex™ were seeded in 96-wellgdand one day later the NR1/2A-receptor was irtlbgdreatment with
tetracycline and amantadine was added at the ctratiens indicated. Cell viability was determined imeasuring acid
phosphatase activity 24 hrs later. Activity was sugad in quadruplicates and expressed as perceotabat of uninduced

cells. Symbols represent mean values = SEM of drs¢p experiments.

Amantadine had no significant effect in concendragi up to 100 uM. At 300 uM amantadine
significantly antagonized the NMDA-receptor inducgdotoxicity (p < 0.05 by Student’s t-

test), but only restored cell viability to about %0of uninduced cells.
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4. Discussion

Back in the 1960s amantadine was only used foptbphylaxis and treatment of influenza A
acting as an inhibitor of a viral integral membrametein necessary for uncoating. Later on in
the 1970s observations showed that amantadine erafibial for the treatment of PD, as it
could substantially reduce Parkinsonian symptonwglay amantadine is a standard first line
therapy in PD and is administered together withotlpa and DA receptor agonisasd
muscarinreceptor antagonists. Besides of its welslDAR blocking properties amantadine

has been shown in several studies to increasecektri@ar DA and NA levels.

Since plasmalemmal monoamine transporters are idggisinvolved in the regulation of
extracellular NA and DA concentrations, the scopeng work was to compare the action of
amantadine on NAT and DAT with its action on the NMreceptor. Furthermore, for the first
time the interaction of amantadine with the humarnants of these proteins should be studied.
Finally, the interaction should be investigated limmg cells in order to reproducin vivo
conditions for the human proteins. In contrastadigligand binding assays, which would be
another option to study the molecular pharmacoloigg drug, assays on living celigve the
advantage that transporters or receptors are eratléddheir natural environment in terms of

ion distribution and membrane potential.

For investigation of the role of amantadine as aspide releaser of NA and DA | used
HEK293 cells which heterologously expressed thedruMAT or DAT. In uptake experiments
amantadine was able to block the transport of taldedled substrates into both types of cells.
However, amantadine was 15 times more potent iibitig uptake by the NAT than by the
DAT. Also in previous work on rat brain preparagsamantadine was more potently inhibiting
uptake into NA than into DA rich regions (Herbli®7ll; Baldessarini et al. 1972; Thornburg
and Moore, 1973). The next question was if aman&advas a pure uptake inhibitor or a
releasing drug, because both, uptake blockers aledsing drugs, behave similar in uptake
experiments. Therefore, | did superfusion experisdyy which | was able to distinguish
between both types of drugs. In superfusion expartsion NAT expressing cells, amantadine
clearly demonstrated a releasing action howeventhemum effect was less than half of that
of amphetamine. The pure uptake inhibitor mazirvda$ able to block the releasing action of
both, amphetamine and amantadine. This finally iooveld that amantadine is a releaser like

amphetamine.
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Recent studies on amphetamine research show thatsee transport is dependent on
intracellular phosphorylation of the N-terminus DAT (Khoshbouei, Sen et al. 2004).
Amphetamine-induced reverse transport is also siedi in NAT if there is no phosphorylation
of the N-terminus (Kantor, Hewlett et al. 2001). Almetamine induced activation of PKC and
CaMKIl seems to be crucial for the phosphorylat@inthe N-terminus which leads to the
association of syntaxinlA. All these factors togethromote the shift of DAT from a reluctant
state to a willing state for amphetamine-induced-&#ux (Robertson, Matthies et al. 2009).
With special inhibitors of PKC and CaMKII (staurasme) or Syntaxin 1 A in DAT and NAT
expressing cells with subsequent superfusion witlirdadine and amphetamine as control it
could be clarified in future experiments if amami@dacts through the same intracellular

mechanisms as amphetamine.

Patch-clamp experiments are another approach tiadate the type of drug interaction with a
transporter. The translocation process in the DANAT is an electrogenic process because
the cotransport of sodium ions results in the mfaf one or two positive charges for each
molecule of DA or NA pumped into the cell. Additelnon fluxes might be due to a channel-
like mode of the transporters triggered by theratBon with substrates as suggested in several
reports. Releasing drugs behave like transportestsates and induce inward currents in
voltage-clamp experiments in the whole-cell confagion. Therfore, my patch-clamp
experiments also revealed that amantadine waseasialy drug at the NAT. Ten and 30 uM
amantadine induced inward currents. These currer@se smaller than that induced by
amphetamine. This is in agreement with the weadasehg action of amantadine in superfusion
experiments. The question, if the maximum inwardent to be elicited by amantadine is also
smaller than that elicited by amphetamine, woulgune data on higher concentrations of
amantadine in patch-clamp experiments. However fittding that the NA-induced inward
current was smaller in the presence of amantadiggests that amantadine is in fact a kind of
“partial releaser”, following the concept of partegonism in receptor pharmacology, where
drugs are called partial agonists if they stimulsignal transduction at receptors, but to a

smaller extent than full agonists.

The superfusion of 10 uM amantadine on DAT cellsdpced no significant inward currents
and the application of 10 uM NA in the presence30fuM amantadine led to a negligible
attenuation of the NA evoked inward current (p>0.86the DAT. These findings suggest that
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amantadine has a lower affinity at the DAT tharthet NAT and are in agreement with the

uptake data.

To study the interaction of amantadine with a huNdhDA receptor | established cell lines
stably expressing a receptor consisting of the $wiounits NR1 and NR2A, which are most
widely distributed in the brain (Mori and Mishin2995), under the control of the T-R&
system. Although binding of the radioligand MK80% the various clones was rather weak
compared to brain tissue, the NMDA receptor wagtionally active as revealed by the strong
toxicity if the receptor was induced in cells. TWwell-known noncompetitive NMDA-receptor
antagonist ketamine efficiently blocked cytotoxram the pmolar range restoring cell viability
to more than 90 % of that of cells without NMDA-egtor induction. By contrast, amantadine

was not protective at 100 uM and only partly at BOO.

In the cytotoxicity paradigm actions of the drugsa time scale of more than 24 hrs are
relevant. In order to study long-term blocking efseon the NAT as well, | investigated the
interference of amantadine with the cytotoxic eff@cMPP on NAT expressing cells. In this
model the highly NAT-selective tricyclic antidepsast drug desipramine had the highest
potency and efficacy in blocking the MRduced toxicity. Amantadine was much less potent
than desipramine, but 100 uM had a significant, 808 uM a strong protective effect,
restoring cell viability to 80 % of vehicle treateglls. It is interesting to note that in the
superfusion experiment there was no difference éetwthe releasing effect of 100 uM and
300 pM amantadine whereas in the toxicity assay |89D amantadine were clearly more
effective. The mechanism of cytoprotection is theckade of the MPPtransport into the cell,
whereas for induction of release amantadine actsilastrate and induces reverse transport.

In conclusion, based on my results, amantadind Isast as potently inhibiting the human
NAT as blocking the human NMDA receptor. Althougly experiments on transfected cells
obviously could not definitely establish amantanmode of action in PD, the molecular
pharmacology as demonstrated in my work is not nigatible with a noradrenergic

mechanism.
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