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Abstract

Parkinson's disease (PD) is a neurodegenerative disorder which afflicts more than
1 million Americans with an estimated 50,000 new diagnoses each year. 1-methyl-4-
phenyl-1,2.3 6-tetrahydropyridine (MPTP) causes parkinsonian symptoms in humans,
and in animals most faithfully mimics the chemical, pathological and immunohistological
features of idiopathic PD. In the nigrostriatal pathway, MPTP evokes selective
degeneration of dopamine (DA)‘neurons in the substantia nigra pars compacta (SNgc).
Dopaminergic neurons project their axons into the striatum where MPTP induces a loss
of DA and degeneration of dopaminergic terminals. Perfusion of neurotoxic concen-
trations of 1-methyl-4-phenylpyridinium (MPP"; the active metabolite of MPTP) into the
rat striatum reversibly inhibits mitochondrial (mt) complex I and, hence, causes a
transient ATP energy impairment leading to activation of N-methyl-D-aspartate (NMDA)
receptors, a massive release of DA and a rise in the extracellular concentrations of
glutathione (GSH) and cysteine (Cys). Elevated extracellular levels of Cys along with
glutamate (Glu) and glycine (Gly) evoked by MPTP/MPP" may primarily originate from
degradation of GSH by y-glutamyl transpeptidase (y-GT) and dipeptidases.

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) have been
implicated in MPP'-induced neurotoxicity, although, whether these ROS/RNS are
generated extracellularly and/or intracellular is unknown. Increased extracellular levels
of ROS/RNS should react with MPP"-mediated elevated extracellular concentrations of
DA, GSH and Cys to form glutathionyl and cysteinyl conjugates of DA along with
characteristic disulfides. Once the MPP'-induced energy impairment subsides, NMDA

receptors should remain activated by elevated concentrations of Glu and, hence, there

XXX1



should be a continued production of intraneuronal ROS/RNS. Increased ATP production
should also mediate membrane repolarization and, hence, DA should be transported back
into dopaminergic neurons by the dopamine transporter (DAT) where DA should be
oxidized by ROS/RNS to dopamine quinone (DAQ), which is by itself a dopaminergic
neurotoxin. However, most of the DAQ could react with translocated Cys forming 5-5-
cysteinyldopamine. The latter could lead to formation of dihydroxybenzothiazine
(DHBT) and benzothiazine (BT) metabolites which have been shown previously to be
mitochondrial toxins in vifro and, thus result in dopaminergic cell death. Based on the
preceding ideas it follows that inhibition of y-GT (by acivicin, ACV) should afford
protection from eventual dopaminergic cell death by inhibiting the degradation of GSH to
Glu, Cys and Gly. Thus, as the MPP"-induced energy impairment subsides Glu should
not be elevated sufficiently to continue activation of NMDA receptors and, therefore,
elevated intraneuronal production of ROS/RNS would cease. Therefore, the DA
transported back into dopamine neurons would not be oxidized and elevated Cys would
not be available and, hence, DHBT/BTSs should not be formed.

In the present microdialysis study, neurotoxic concentrations of MPP" were
perfused into rat striatum and dialysate was analyzed. However, extracellular markers of
ROS/RNS were not detected in the presence or absence of coperfused ACV. Inhibition
of y-GT was not neuroprotective to DA neurons and had no significant effect on the
MPP"-mediated rise of extracellular concentrations of Glu, Cys and Gly. Immunohisto-
chemical studies of the striatum in the area around the probe conducted 24 h after MPP”

perfusions showed that with increasing concentrations of MPP" there was a
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corresponding increase in DA terminal damage, loss of astrocytes, formation of reactive
microglia and cell death.

Perfusion of MPP" evoked the neurotransmitter-like release of L-3,4-dihydroxy-
phenylalanine (L-DOPA) which was also detected in dialysate from experiments in
which rats received neurotoxic doses of methamphetamine or 3,4-methylenedioxymeth-
amphetamine. The antioxidants mannitol and salicylate had no effect on the MPP"-
mediated rise of extracellular concentrations of L-DOPA. Instead, the latter was found to
be the result of (in vivo not in vitro) MPP"-induced inhibition of L-DOPA decarboxylase
(DDC). L-DOPA can mediate Glu release, as well as being an excitotoxin itself.
Furthermore, previous studies suggest that treatment of PD symptoms with L-DOPA may
exacerbate nigrostriatal dopamine degeneration. Nevertheless, the results from the
present study suggest that DDC inhibition with subsequent L-DOPA release may play a
role in MPP'-induced neurotoxicity and, because of the similarities of MPTP/MPP"-

induced neurotoxicity and PD, may be an early event in PD.
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Chapter One

Introduction

A. Parkinsen’s disease

Parkinson's disease (PD) is a neurodegenerative brain disorder which afflicts
more than 1 million Americans with an estimated 50,000 new diagnoses each year." In
1817, James Parkinson first described this disorder in his book "An Essay on the Shaking
Palsy."”> 1In this book Parkinson describeci the physical manifestations of PD which
include tremor, muscular rigidity, bradykinesia and simian posture. The reasons for these
physical abnormalities stems from the loss of striatal dopamine (DA) consequent to the
degeneration of DA neurons in the substantia nigra pars compacta (SN,,C)_,3 * which are
essential for motor functions. Dopaminergic neurons located in the SN project their
axon terminals into the striatum. Clinical signs of PD do not become apparent until
approximately 80% of DA has been lost from the striatum.>® A characteristic
neuropathological feature of PD is the presence of Lewy bodies in the remaining neurons
of the SNp.. Lewy bodies are cytoplasmic inclusions composed of a-synuclein,’
ubiquitin, neurofilaments® and Cu/Zn SOD.” The mechanisms which produce Lewy
bodies and cause the destruction of dopaminergic neurons in the SN, are not understood.
PD neurodegeneration also affects other neuronal systems (although to a much lesser
extent than the loss of DA neurons) as evidenced by reports in PD of decreased levels of

3,10,11

5-hydroxytryptamine (5-HT; serotonin) and norepinephrine (NE)'? and degeneration



13,14 - 10.15,16 .
14 and noradrenergic neurons.'”>'® There is no cure for PD, however,

of cholinergic
treatment with a combination of L-3,4-dihydroxyphenylalanine (L-DOPA,; the precursor
to DA) and a peripheral dopa decarboxylase (DDC; decarboxylates L-DOPA to DA)
inhibitor (e.g., carbidopa) temporarily relieves clinical symptoms. However, this
treatment ultimately causes negative side effects including dyskinesias, involuntary motor
fluctuations and psychosis.'”'® Controversy exits tilat L-DOPA/carbidopa therapy could
exacerbate the destruction of SN, cell death_,19 and indeed, neurodegeneration is not
halted by treatment.”>*' Patients with PD can live for 20 years or more, but the average
life span after diagnosis is 12 years. Death rates are approximately 1.6 times greater than
normal individuals of the same age,”” usually resulting from choking, decreased mobility,
physical damage from constant falls or from an unrelated illness.”

The pathobiochemical changes that are observed in the SNp. of PD individuals
include decreased activity of o-ketoglutarate dehydrogenase (o-KGDH)** and
mitochondrial (mt) complex I*° but not mt complexes II-IV. Oxidative stress is evident
in advanced PD as evidenced by increased oxidation products of lipids,*® proteins,”” DNA
and RNA*®  Activities of cytoplasmic and mt superoxide dismutase (SOD) are
increased,” perhaps implying an effect induced by increased levels of intracellular
superoxide (O;). Nigral iron levels are increased.®® There is a massive decrease in the
antioxidant glutathione (GSH) without a corresponding increase in glutathione disulfide
(GSSG).**>* In fact, decreased levels of GGSG have been observed in the cerebral spinal
fluid (CSF) of PD patients.® O," itself is not considered directly neurotoxic, but is
believed to lead to production of tissue damaging hydroxyl radical (HO-) by Fenton

and/or Haber-Weiss reactions.”®  Additionally, the role of reactive nitrogen species



(RNS) in PD has become apparent with the observation of elevated levels of 3-
nitrotyrosine (3-nitro-Tyr) in the proteins that comprise Lewy bodies in surviving SN
neurons of PD patients.® O, can readily react with nitric oxide (NO-) to form
peroxynitrite (ONOO) which can decompose at physiological pH to HO-** ONOO
itself is highly reactive and can lead to oxidation and nitration of DNA,*’ lipids®® and
proteins.”

Aging is the biggest risk factor for acquiring PD.*** As people age there is
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resulting compromised brain glucose utilization,*’ decreased mt function and energy

metabolism** and disruption of Ca*" homeostasis.**** The DA cell bodies in the SN, are

characteristically pigmented with dark brown neuromelanin formed from autoxidation*°

and/or enzymatic oxidation of DA.’’*?> With normal aging there is a slow loss of the
SNpe neurons™ with the most heavily pigmented neurons dying first. However, the
opposite happens in PD where the least pigmented neurons are lost first.>**®

Familial PD is rare and genetic studies have produced conflicting observations.*’
However, a genetic predisposition to an environmental toxin may underlie the source of
idiopathic PD.””** Along with this, advanced age could potentiate the susceptibility to
toxins since impaired xenobiotic metabolism is associated with aging.” Numerous
epidemiological studies have shown an increase in PD with repeated exposure to
environmental toxins.””*** For example, the insecticides dieldrin and lindane have been

64,65

found in the SN of PD patients, and in vitro dieldrin is a selective DA neurotoxin.

Trichloroethylene®®, hindered amines®’, CN® and iron® have been linked to

development of PD or a parkinsonian syndrome, and cause degeneration of nigrostriatal
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DA neurons in animals. Many of these toxins along with the dopaminergic



neurotoxins rotenone, ¢ 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)”’ and
methamphetamine (MA)”® interfere with mt respiration and the vesicular uptake and
storage of DA%

GSH is the major antioxidant that protects neurons (and all other cells) against
oxidative and nitrative stress. Neuronal GSH is maintained by its export from

83-85

astrocytes, and hence, an important function of the latter cells is to protect neurons

against oxidative and nitrative stress.®®®

Recent evidence indicates that multidrug
resistance protein-1 (MRP-1) mediates most release of GSH from astrocytes and that
these cells are responsible for maintaining intraneuronal GSH.¥ Neurons, however, are
unable to import released astrocytic GSH. Rather, extracellular GSH is first degraded by
y-glutamyl transpeptidase (y-GT), present on the external surface of neurons and glia,”
forming cysteinylglycine (CysGly) which is then degraded by aminopeptidase N (ApN)
to cysteine (Cys) and glycine (Gly).”' The resultant Cys’>>* is translocated into neurons
where it is the rate-limiting substrate for GSH synthesis.****>*®  Energy-dependent
mechanisms maintain intraneuronal GSH. Thus, energy impairment and depolarization
of the neuronal and mt membranes induces release of both cytoplasmic and mt GSH.”'**
In view of the preceding discussion, it is of interest that not only do nigral levels of GSH
fall in PD but the activity of y-GT is increased.'” This raises the possibility that the fall
of GSH in PD may be the result of its release from SN cells'*® in response to an energy
impairment and also, because the fall is so large, from surrounding astrocytes, followed
by its extracellular degradation by y-GT/ApN.

The elevation of 5-S-cysteinyldopamine (5-S-Cys-DA)/DA concentration ratio

107,108

seen in the SNy, of PD patients could be the result of increased levels of Cys



(normally present in the brain at low concentrations) and DA. The increase in Cys
suggests a correlation to the decrease in nigral GSH and an increase in y-GT activity as a
result of y-GT/DP degradation of nigral GSH. Increased intraneuronal O, with resultant
ONOO" generation could oxidize DA to DAQ (without nitration)'*>'*® which reacts with

Cys to form 5-5-Cys-DA'® (usually a minor DA metabolite).'!!

B. Animal Medels of Parkinson’s disease

Several animal models of PD have been developed which may mimic the human
condition. The ideal model would replicate all the biochemical, histological, clinical and
pathological changes seen in humans. However, no one model has thus far been able to
do so. Various drugs, environmental toxins and pharmacological agents are administered
to animals to replicate these changes. Among these 6-hydroxydopamine (6-HDA), MA,
rotenone and MPTP are the most widely employed.”'?

6-HDA is a well established neurotoxin with its mode of cellular death probably
due to generation of reactive oxygen species (ROS)."'? 6-HDA is unable to cross the
blood-brain barrier so it is administered directly to the nigrostriatal tract, SNj. or

. 113 .- . 4
striatum,'” where it induces dose-dependent lesions !

of DA neurons in the SN,c within
24 hours and decreased levels of DA in the striatum in 2-3 days.!'*''¢ Typically these
experiments are conducted in rats where 6-HDA is injected into one side of the brain,

7 . .
17 The unlesioned side serves as

inducing dose-dependent asymmetric circling behavior.
a control for tissue studies designed to analyze the 6-HDA-induced damage. These

injections lead to reduced levels of GSH and SOD activity,''® and inhibition of mt



complexes I and IV.'"® The limitations of this model are that it does not produce Lewy
bodies and is specific to only dopaminergic neurons,>'"?
High doses of MA when administered to animals (rodents and non-human
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primates) serve as a model of PD.” Single'® or multiple injections'*! of MA result in: (1)

decreased levels of DA, 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic (HVA)
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in the striatum and 5-HT (in the striatum and other areas of the brain); ** (2) perturbation

'3 (3) decreased tyrosine

of amino acid levels, especially, glutamate (Glu) elevation;
hydroxylase (TH) and tryptophan hydroxylase (TPH) activity;'** (4) inhibition of
monoamine oxidase (MAO);'* (5) decreased DA'*® and 5-HT uptake;'*” and (6) axonal
and terminal dieback of DA'® and 5-HT neurons.'” MA administration induces

130 and humans.’®! The limitations of the MA model of PD

hyperthermia in animals
include: (1) high mortality due to hyperthermia which can be controlled by external
cooling if the dose is not too high; (2) animals can be difficult to manage due to drug-
induced hyperactivity; and (3) absence of Lewy body formation.

Recently, the pesticide rotenone has been employed to mimic PD in rats.'>?
Rotenone is commonly used in vegetable gardens and to eliminate overproduction of fish.
Chronic systemic administration of rotenone to rats results in mt complex I inhibition,
that is not limited to dopaminergic neurons. However, rotenone-induced degeneration
appears to be specific to nigrostriatal dopaminergic neurons. Rotenone also causes
selective striatal oxidative damage and produces ubiquitin- and a-synuclein-positive
inclusions in nigral cells. In some rats (but not alf) physical parkinsonian-like behavior is

observed, indicated by hypokinesis, hunched posture and rigidity.””> However, for

several reasons this is still far from replacing MPTP (see later) as the compound that best



mimics PD. The methodology for administration of rotenone is in the early stages of
development. Current protocols lead to approximately a 50% death rate and lesions have
not been detected in all of the surviving rats. Therefore, quantitative results are
questionable especially immunohistological analysis.''? Additionally, chronic
administration of rotenone requires constant supervision, with animals often having to
receive food and water manually. Nevertheless, this model does support the idea that
idiopathic PD may be related to chronic exposure to environmental toxins.

Currently, administration of MPTP (or its active metabolite 1-methyl-4-phenyl-
pyridinium; MPP”; Figure 1:01) is the most widely employed and characterized animal

model of PD.
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Figure 1:01. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
and its active metabolite 1-methyl-4-phenylpyridinium (MPP").




The accidental by-product of an ambitious graduate student's meperidine analog synthesis
in 1982,°* MPTP causes parkinsonian symptoms in humans, and in animals most
faithfully mimics the chemical, pathological and immunohistological features of

idiopathic PD.*'?  MPTP evokes selective degeneration of nigrostriatal DA

5,77,134 35-138

neurons and a fall of GSH levels without a corresponding increase of GSSG.'

Following MPTP administration to primates, eosinophilic inclusions™ and a-synuclein
aggregates'® are present in remaining SN, neurons suggestive of early stage formation
of Lewy bodies. The selectivity of MPTP can be traced to its oxidation by MAO-B in

+141

astrocytes to MPP" " that is transported by the dopamine transporter (DAT)** into DA
neurons where it is concentrated into mitochondria.'® MPP" then reversibly” inhibits mt
complex I' and o-KGDH'** that together with poly(ADP-ribose)polymerase (PARP)

143198 rapidly depletes adenosine 5'-triphosphate (ATP)."*'#

activation,

For some reason, in rats MPTP is unable to readily cross the blood-brain barrier,
and hence little MPP" is formed in the brain. Therefore, in the rat model of PD, the
active metabolite of MPTP, MPP", is perfused directly into the brain. Perfusion of
neurotoxic concentrations of MPP" into the rat striatum or SN, induces a massive
instantaneous release of DA”*"*? by mechanisms that include rapid ATP depletion with
resultant impairment of membrane ion pumps (Na'/K® and Ca**ATPases),"

A% and reversal of the

depolarization, ™™ interference with the vesicular storage of D
DAT." However, the energy impairment evoked by MPP" is temporary.**'* Thus, as
the energy impairment begins to subside, increasing ATP production reactivates ATPases

which initiate neuron membrane repolarization and the DAT-mediated reuptake of

released DA."°



Perfusion of relatively high concentrations of MPP" into rat brain also evokes a
delayed elevation of Glu.""""*7 Since Na'-channel blockers protect against MPTP/MPP*
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neurotoxicity,"”® without affecting DA release,"™ suggests that Glu transporter reversal

160,161
60.161 and

and Glu release are key steps in the neurotoxic cascade. All striatal neurons
dopaminergic SNpc cells'*'% express N-methyl-D-aspartate (NMDA) and o-amino-3-
hydroxy-5-methylisoxazole-4-propionic acid (AMPA) glutamate receptors. Recent
studies indicate that AMPA receptor antagonists protect striatal neurons against
MPTP/MPP*-induced neurotoxicity'®® and NMDA receptor antagonists protect SNpc
neurons.'*'*® Such results implicate Glu ionotropic receptor activation as a key step in
the neurotoxic cascade.

There is also strong evidence implicating elevated O, generation in the
neurotoxic cascade leading to DA neurodegeneration evoked by MPTP/MPP*. For
instance, copper/zinc SOD (CuZn-SOD; cytosolic SOD) transgenic mice that overexpress
the human gene for CuZn-SOD resulting in increased expression of CuZn-SOD,'® are
resistent to MPTP-induced neurotoxicity.'” Transgenic mice which overexpress human
manganese SOD (Mn-SOD; mitochondrial SOD) also show attenuated neurotoxicity to
MPTP."”!  Additionally, MPTP neurotoxicity is potentiated in CuZn-SOD knockout
mice.'”

Activation of nNOS and iNOS with resultant neuronal and glial NO-, O™ and
ONOO" generation also appear to be key steps in the neurotoxic cascade induced by
MPTP/MPP*.'”  Some of the O, generated by administration of MPTP/MPP" reacts

with NO- to form ONOQO™ which nitrates and inactivates TH, the rate-limiting enzyme in

DA synthesis.'"” This is substantiated by several previous studies where MPTP-induced



neurotoxicity was attenuated in neuronal nitric oxide synthase (nNOS) knockout
mice,**'”* inducible (i) NOS knockout mice,'”” and wild-type (normal) mice with
inhibition of (NOS by 7-nitroindazole (7-NI).**!" 1In the SN, the source of NO- is from
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iNOS which is upregulated in microglia in response to MPTP. In the striatum the

principle source of NO- is from nNOS.** However, DA neurons do not contain nNOS.'”’
Instead, nNOS-positive neurons that colocalize with somatostatin and neuropeptide Y are

responsible for MPP"-mediated NO- production®®'”’

and, thus, the NO- must travel
through the extracellular fluid in order to enter DA terminals and react with intraneuronal
O," to form ONOO". This suggests that extracellular ONOQO™ formation could also occur
by reaction of the nNOS-positive neuronal generation of NO- and extracellular O,
Indeed, extracellular Oy can be generated by reactive microglia'™® and correspondingly,
MPTP/MPP*-induces activation of microglia.'”"7*'™18  ONOO -mediated DNA
damage with resultant activation of the DNA-repair enzyme PARP contributes to the
depletion of intraneuronal ATP evoked by MPTP/MPP*.'*1* There is also evidence for
MPTP/MPP"-induced generation of HO-."*!

DA also appears to be a key participant in the neurotoxic cascade evoked by
MPTP/MPP*, because MPP'-mediated cell death is substantially potentiated in rat
hepatocytes pretreated with DA compared to normal control hepatocytes which do not
contain DA.'® The DAT must also play a critical role in MPTP/MPP" neurotoxicity
since DA uptake inhibitors are neuroprotective,'® and mice lacking the DAT are resistant

to MPTP-induced neurotoxicity.'®*

However, vesicular monoamine transporter-2
(VMAT-2) knockout mice are more susceptible to MPTP neurotoxicity.'® Furthermore,

dopaminergic SN, cells containing high levels of the DAT mRNA are preferentially
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vulnerable to MPTP neurotoxicity.'®® One interpretation of these observations is that
DATs potentiate DA neurotoxicity by accumulating intraneuronal MPP*, whereas the
VMAT-2 is neuroprotective by sequestering MPP" into vesicles thus attenuating its
inhibitory effects on mt complex 1.'*” However, in view of the possible role of DA in the
neurotoxic cascade, and because MPP" impairs its vesicular uptake and storage, an
alternative explanation is that the DAT-mediated reuptake of released DA as the energy
impairment subsides results in abnormally high cytoplasmic concentrations of DA.
Indeed, in vitro studies have demonstrated that elevation of cytoplasmic DA levels evoke

neurotoxicity.'**

These observations implicate the release of DA during the MPP'-
induced energy impairment, its subsequent DAT-mediated reuptake and elevated
cytoplasmic DA levels as the energy impairment subsides as important steps in the
neurotoxic cascade evoked by MPTP. This implies that DA is either directly neurotoxic
or the precursor of intraneuronal toxins. /n vitro, DA potentiates neurotoxicity induced
by energy impairment and/or Glu receptor activation which can be blocked by GSH or

other thiols.'%¢

This suggests that intraneuronal DA oxidation during a period when
intraneuronal GSH levels are reduced and Glu receptors are activated may be a key step
in the neurotoxic process. Indeed, a recent study implicates intraneuronal DA oxidation

as a key step in the in vitro neurotoxicity of MPP* >
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C. Hypothesis
Proposed Neurotoxic Cascade Induced by MPP*

Based on the background presented above (and much more) the following
hypothetical neurotoxic cascade was formulated in this laboratory in 1999. The
hypothesis was based on studies conducted in our laboratory as well as an exhaustive
analysis of the literature.

The hypothesis (at that time) for the pathogenesis of SN,. cell death in PD,
proposed that a neurotoxic cascade is triggered by a large transient impairment of
dopaminergic energy metabolism. In the MPTP/MPP" model this is caused by the DAT-
mediated transport'® of MPP" into dopaminergic neurons where it reversibly” inhibits
mt complex I'* and o-KGDH.'* 1In individuals susceptible to PD this selective
dopaminergic energy impairment could be evoked by exposure to environmental toxins

that interfere with mt respiratory enzymes.”>">7""1% This is so because of both age®™

194-197 57,60-63

and genetically-based impairments of xenobiotic metabolism and the Iow

selectivity of the DAT which transports many structurally diverse substances into DA
76,198 L : . 150-152
neurons. The energy impairment induces a massive release of DA and, of
equal importance, intraneuronal GSH’'® and potentiates NMDA receptor
activation'””?® by basal extracellular levels of Glu.”**?® The resultant influx of Ca*
through the NMDA receptor channel mediates massive intraneuronal O, generation2°3'
295 and activates neuronal nNOS! 7317617180 gy consequent NO-** and, thence, ONOO
generation.”””?” Damage to DNA by ONOO™ activates the repair enzyme PARP'**

which potentiates intraneuronal ATP depletion.'*'*
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During the dopaminergic energy impairment, some ONOO" crosses the neuronal
membrane and, by both direct decomposition and release of Fe*" from iron-containing
proteins, was proposed to mediate extracellular HO- generation.”'®*"! This HO- should
oxidize released GSH and DA to radicals which in a cascade of coupling and oxidation
reactions form glutathionyl conjugates of DA (and DOPAC) as shown in Figure
1:02.'%%12 DA DOPAC (Figure 1:03), GSH and Cys (Figure 1:03) can be oxidized by
ONOQOO’, HO" and O,. A principle function of GSH is as an antioxidant and, thus,
oxidation by ONOO", HO- or O; of extracellular GSH and Cys would also be expected to
form the corresponding sulfinic and sulfonic acids in addition to disulfides (e.g., Figure
1:04).*"® The oxidation and depletion of extracellular GSH (basal and that released from
DA neurons) and Cys was proposed to trigger release of GSH from astrocytes™ ™ in
amounts sufficient to scavenge HO-, maintain normél basal levels of GSH and Cys, and
protect neurons.***!11 24 Extracellular Cys is maintained at basal levelszr15 by the y-
GT/ApN-mediated hydrolysis of released astrocytic GSH in, it was hypothesized,
reactions that should result in elevated extracellular levels of Glu.

As the neuronal energy impairment begins to subside, the hypothesis proposed
that increasing ATP production and Na'/K* and Ca*"ATPase reactivation should initiate
the DAT-mediated reuptake of released DA™ that is oxidized by and hence, scavenges
intraneuronal ONOQO’, thus blocking extracellular HO- generation and oxidation of GSH,
Cys, DA and DOPAC. During this period extracellular levels of Glu are known to
rise.”"*7 In addition to formation of Glu by y-GT-mediated hydrolysis of GSH, this

may also occur because MPP" (and possibly environmental mt toxins implicated with

PD) induce an astrocytic energy impairment which results in reversal of the Glu
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transporter (in the nigrostriatal pathway this is the GLT-1 astrocytic Glu
transporter).”>” The release of Glu may be delayed because extraneuronal monoamine
transporters (EMTs) on astrocytes accumulate intracellular MPP" and other toxins more
siowly than neuronal DATs.*'*?"® In order to replenish intraneuronal GSH, released and
oxidized during the dopaminergic energy impairment, would necessitate its continued
release from astrocytes and its degradation by y-GT/DP to Cys, Gly and Glu.
Extracellular Cys would then be transported into DA neurons where, normally, it is the
rate limiting substrate for GSH synthesis.®***>%

During the period of recovering but still reduced neuronal ATP production,
elevated extracellular Glu (formed by hydrolysis of released GSH by y-GT and/or by
GLT-1 reversal on astrocytes) should continue NMDA receptor activation and
intraneuronal generation of ONOO' that oxidizes DA to DAQ. Some of this DAQ could
bind covalently to active site cysteinyl residues of TH, thus evoking irreversible
inhibition of this enzyme.”'® The hypothesis also proposed that DAQ might react with
translocated Cys forming 5-$-Cys-DA which is further oxidized to dihydroxybenzo-
thiazine (DHBT) and benzothiazine (BT) metabolites.****  These cytoplasmic
DHBT/BTs have been shown in this laboratory to be accumulated by mitochondria and
oxidized at the mt membrane to electrophilic intermediates which bind covalently to

. . . 4.
active site Cys residues™***

of complex I, a-KGDH and pyruvate dehydrogenase
complex (PDHC) evoking their irreversible inhibition. Such processes could lead to a

fall of nigral GSH, inhibition of mt complex I and o-KGDH, and ultimately, SN, cell

death and PD.
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D. Initial Dissertation Purpose

In previous microdialysis experiments conducted in our laboratory, a 30 min
perfusion of 2.5 mM MPP" invoked a delayed rise of extracellular GSH and Cys (Figure
1:05). In identical experiments with MPP" in the presence of a constant perfusion of 1.0
mM acivicin (ACV; and inhibitor of y-GT), there was an increase in the maximum rise of
extracellular GSH and an attenuated rise of extracellular Cys (compared tor the
experiments conducted in the absence of ACV), implying that extracellular Cys
originated from GSH (Figure 1:06).*"> Thus, it was anticipated that a constant perfusion
(before, during, and after MPP") of ACV contained in the aCSF would inhibit y-GT,
resulting in an attenuated MPP"-induced efflux of Glu and Gly (compared to experiments
when ACV was not coperfused). This would be expected if the hypothesized source of
Glu and Gly was from the y-GT-mediated hydrolysis of GSH. In turn, ACV would be
expected to be neuroprotective both by blocking the rise of extracellular Glu (by y-GT
hydrolysis of released astrocytic GSH) and, perhaps, by blocking the rise of Cys and,
hence, intraneuronal formation of DHBT/BT endotoxins.

The fundamental intention of the experiments described in Chapter Two was to
evaluate the role of y-GT as proposed in the hypothetical neurotoxic cascade induced by
MPP". In microdialysis experiments in freely moving rats, when 0.7, 1.3, 2.5 or 10.0
mM MPP" was perfused for 30 min, it was expected that glutathionyl and cysteinyl
conjugates of DA and DOPAC would be detected (Figure 1:02). Some of the Cys
(formed from released GSH by y-GT and ApN) would enter DA neurons and react with
DAQ forming 5-S-Cys-DA and eventual DHBT-1 and BT-1/BT-2 formation, which

would result in dopaminergic cell death. In these microdialysis experiments various
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concentrations of MPP™ were perfused on day 1. On day 2 (24 hr after day 1
experiments), the same concentration of MPP" was again perfused for 30 min. An

attenuated release of DA on day 2 has been reported®”’

to be proportional to
dopaminergic neuronal terminal damage.

In experiments where ACV was perfused before, during and after 30 min
perfusions of MPP", GSH would remain intact. The extracellular generation of HO-
would result in glutathionyl conjugates of DA. Since there would be no (or limited) Cys
available to enter DA neurons, the proposed reaction with DAQ would not occur (or
would be attenuated), and hence, DA neuron death would not occur as a result of
intraneuronal DHBTs/BTs formation. Additionally, ACV was expected to block the
degradation of released GSH to Glu (which rises upon MPP" perfusion).”>’ Hence, ACV
should block Glu-mediated excitotoxicity induced by MPP*. Glu levels would not be
sufficiently high to continue activation of NMDA receptors as the energy impairment
subsided and, thus, intraneuronal HO-/ONOQO™ production would not oxidize DA to DAQ
(the latter of which is certainly neurotoxic without conversion to DHBT/BT

metabolites).*** In other words, ACV should afford protection against MPP"-induced

dopaminergic neuronal degeneration by inhibiting y-GT.
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E. Project Description

The results presented in Chapter Two are from experiments conducted in the early
stages of this project. As the years have gone by, results from experiments conducted in
our laboratory and observations reported in the literature have continued to reshape the
initial ideas. As a result, this project constantly changed and branched into different
directions in effort to explore newly developed hypotheses. The work presented here is

but a small piece of a much larger ongoing and continuously evolving project.
The following work was conducted as presented in the ensuing chapters:

Chapter Two

A. Glutathionyl and cysteinyl conjugates of DA and DOPAC were
electrochemically synthesized, isolated by HPLC-UV, and identified by UV and
electrospray ionization mass spectrometry (ESI-MS).

B. HPLC-EC method 1 was developed to monitor DA, 5-HT, their normal
metabolites DOPAC, 3-methoxytyramine (3-MT), HVA, 5-hydroxyindole-3-
acetic acid (5-HIAA) and glutathionyl and cysteinyl conjugates of DA and
DOPAC.

C. Method development was conducted to determine the ideal storage conditions
(pH, type of solvent and temperature) of neurochemicals employed in this

project.

17



Surgical procedures were conducted to implant guide cannula/dummy probe into
rat striatum so that optimum location would be utilized during microdialysis
procedures.

Employing microdialysis, four different concentrations of MPP" (0.7, 1.3, 2.5,
10.0 mM) were perfused for 30 min into the striata of freely-moving rats and
dialysate fractions were collected in vials contained in a refrigerated fraction
collector. In identical experiments 1.0 mM ACV was perfused 3 hr before,
during and after 30 min perfusions of the same concentrations of MPP".
Twenty-four hr after day 1 experiments an identical microdialysis experiment
was performed either with or without 1.0 mM ACYV, as appropriate.

. Alternate dialysate fractions collected from microdialysis experiments were
analyzed for DA, 5-HT, DOPAC, 3-MT, 5-HT, 5-HIAA and HVA, and to
search for glutathionyl and cysteinyl conjugates of DA and DOPAC employing
HPLC-EC method L |

. ESI-MS experiments were conducted to search for glutathionyl and cysteinyl
conjugates of DA and DOPAC and to confirm the identity of putative 2,5,6-tri-
S-glutathionyldopamine (2,5,6-tri-5-GS-DA).

HPLC-EC methods I and Il were developed in order to provide further support
for formation of 2,5,6-tri-S-GS-DA and enable more successful ESI-MS
detection of neurochemicals in dialysate.

HPLC-EC methods I-III were eventually employed to confirm L-(D-)DOPA in

dialysate from microdialysis experiments.
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-Chapter Three

A. Antioxidants salicylate (SA) and mannitol were perfused before, during and
after a 30 min perfusion of 10.0 mM MPP" into the striatum of freely-moving
rats. Dialysate fractions were collected and analyzed employing HPLC-EC
method 1.

B. HPLC-EC method IV was developed in connection with in vifro experiments
with active and denatured purified DDC in the presence and absence of MPP".

C. Surgical procedures were developed to implant two guide probe/dummy
cannulas into striata in both sides of the rat brain.

D. Microdialysis experiments were designed and conducted to evaluate the activity
of DDC in rat brain after 30 min perfusion of 10.0 mM MPP".

E. HPLC-EC method V was developed in order to analyze DDC activity from rat
striatal homogenate after 30 min perfusion of 10.0 mM MPP" into the right

striata of rats with aCSF being perfused into the left striata.

Chapter Four
A. Microdialysis was conducted on freely-moving rats during experiments where
rats received 30 mg/kg (intraperatoneal; i.p.) administration of MA and dialysate
analyzed employing HPLC-EC method 1.
B. Temperature probes were developed to monitor striatal temperature during
microdialysis experiments employing MA and 3,4-methylenedioxymethamphet-

amine (MDMA; ‘ecstasy').
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C. Invitro experiments were conducted with active and denatured purified DDC in
the presence and absence of MA.

D. Microdialysis was conducted on freely-moving rats during experiments where
rats received 15 mg/kg (i.p.) administration of MDMA and dialysate analyzed
employing HPLC-EC method 1.

E. HPLC-UV method 1 and HPLC-photodiode array (PDA) method I were
developed to search for unknown compounds (specifically markers of

ROS/RNS) formed during microdialysis experiments with 10.0 mM MPP".

Chapter Five
Alternate fractions collected from microdialysis experiments (as described in
Chapter Two) were analyzed for the amino acids Glu, Gly, aspartate (Asp) and

taurine (Tau) by HPLC-EC method V1.

Chapter Six
A. Microdialysis experiments (as described in Chapter Two) were conducted on
another group of animals, except on day 2 brains were fixed and striata of these
animals were analyzed immunohistochemically.
B. Methods were developed and conducted to analyze rat striatal tissue for TH-,
glial fibrillary acidic protein- (GFAP) and OX-42-immunoreactivity (IR) and

Nissl staining.
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Chapter One Figures

ONOO™ NO, + OH
HO + = HO. +
NI‘I?’ HO- (or) H,0 NI’I3
N .
0, (o) Oyt H'
HO N A - O
H
DA DA semi-Q
ONOO™
(or)
GSe HOe
(or)
ONOO" {(or) HO+ (0or) Oy 0,
GSH Y
HO NH, " 0O NH;"
HO 0
SG DAQ
5-8-GS-DA
ONOO™
v (or)
0y
Y
SG SG
HO NH3+ HO. NH;
GS- i
HO ONOO™ (or) HO= (or) O, HO SG
SG SG
2,5-di-S-GS-DA 2,5,6-tri-S-GS-DA
Figure 1:02. Proposed extracellular formation of glutathionyl

conjugates of dopamine during the MPP -induced energy impairment.
Glutathionyl conjugates of DOPAC and cysteinyl conjugates of DA
and DOPAC are proposed to be formed by identical schemes.
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Figure 1:05. Time-dependent effects of a 30 min perfusion of 2.5 mM MPP" into
rat striatum on microdialysate levels of GSH and Cys. The horizontal bar shows
the time during which MPP" entered the brain. Data are mean + SEM percentages
of basal GSH and Cys (n > 4). *p < 0.05, **p < 0.01.21°
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Figure 1:06. Time-dependent effects of a 30 min coperfusion of 2.5 mM MPP*
and 1.0 mM ACYV into rat striatum on microdialysate levels of GSH and Cys. The
horizontal bar shows the time during which MPP" entered the brain. Data are mean
+ SEM percentages of basal GSH and Cys in the absence of ACV coperfusion (n >
4). ¥p < 0.05, **p < 0.01.2°
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Chapter Two

In Vivo Microdialysis in Freely-Moving Rats:

Effects of MPP" Perfusions

A. Introduction

The fundamental intention of the experiments presented in this chapter was to
evaluate some of the predictions of the hypothetical neurotoxic cascade induced by MPP*
as presented in Chapter One. The glutathionyl and cysteinyl conjugates of DA and
DOPAC are not commercially available. Therefore, early stages of this project entailed
the controlled potential electrochemical oxidation, isolation and identification of these
compounds. In the past, our laboratory has developed methods to synthesize these
compounds and numerous other similarly conjugated compounds. Hence, only the
procedures (synthesis and isolation) which deviated from the previous descriptions will
be presented.

Once these conjugates were isolated and identified, a critical initial aspect of this
project involved the development of a suitable HPLC-EC system which would provide
adequate separation and optimum throughput of all thirteen compounds of interest (Table
2:01 and Figures 2:01-03).  Typical HPLC-EC method development included
adjustments to mobile phase composition, flow rate applied EC potential and
constructing standard curves. Standard mixtures were made such that the EC response for

each compound produced chromatographic peak heights within 30% of every other
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compound. Ideal conditions (e.g. type of acid, pH, length of storage) were developed for
the standard solutions and the collected dialysate.

Microdialysis experiments were conducted in which four different concentrations
(0.7, 1.3, 2.5, 10.0 mM) of MPP" (in the presence and absence of 1.0 mM ACV) were
perfused into the striatum of freely moving rats. Analysis of dialysate from these
experiments revealed the presence of an unknown compound which initially appeared to
be 2,5,6-tri-5-GS-DA. This prompted numerous attempts to conﬁfm the identity of this
compound. These included ESI-MS (Micromass, Q-TOF; Manchester, U K) analysis and

the development of three additional HPLC-EC methods (II-IV).

B. Experimental
1. Synthesis of Glutathionyl and Cysteinyl Conjugates of DA and DOPAC.

a. Chemicals

DA (hydrochloride salt), DOPAC, GSH (reduced form, free base), and Cys were
obtained from Sigma (St. Louis, MO). Trifluoroacetic acid (TFA) was obtained from
Acros Organics (Cliffside Park, NJ). Acetonitrile (MeCN, HPLC grade) was obtained
from Fisher Scientific (Fair Lawn, NJ). Sodium phosphate dibasic (anhydrous;
Na,HPO,) was obtained from Mallinckrodt (Paris, KY). Ammonium hydroxide (NH4;OH)
and sodium phosphate monobasic (NaH,PO4H,0) were obtained from EM Science
(Gibbstown, NJ). All chemicals were used without further purification. All solutions
were prepared with deionized water from a Milli-Q system (Continental Water System,
El Paso, TX). Before injection into a preparative HPLC system, all reaction solutions

were filtered through a membrane (type HA, pore size 0.45 um, Millipore Corporation,
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Bedford, MA). Phosphate buffer pH 7.4 (u = 0.2 M) was prepared according to Christian

229

and Purdy.

b. Instrumentation

Controlled potential electrochemical oxidation reactions employed a Brinkman
Instruments (Westbury, NJ) model LT 73 potentiostat. The working electrode consisted
of six plates of pyrolytic graphite having a total surface area of ca. 300 cm®. The counter
electrode was platinum gauze and the reference electrode was a saturated calomel
electrode (SCE). The potentials employed for controlled potential electrolyses are
referenced to the SCE at ambient temperature (22 + 2°C). A three-compartment cell was
utilized in which the working, counter and reference electrode compartments were
separated by a Nafion membrane (type 117, DuPont Co., Wilmington, DE). The working
electrode compartment had a capacity of 50 mL. During electrolysis, the solution in the
working electrode compartment was continuously stirred with a Teflon-coated magnetic
stir bar and nitrogen (N;) gas was bubbled through the solution.

Preparative HPLC utilized a Gilson (Middleton, WI) binary gradient system
equipped with two Gilson model 302 pumps, a manometric module model 802B, a
dynamic mixer model 811, a Holochrome UV detector (254 nm) and a Rheodyne (Cotati,
CA) model 7125 injector with a 10 mIL sample loop. For larger volumes (up to 35 mL)
the solution was loaded directly onto the column through one of the HPLC pumps. A
preparative reversed-phase column (J. T. Baker, Phillipsburg, NJ; Bakerbond Cyg, 10 pum,
25.0 x 2.1 cm) protected by a short guard column (50.0 x 0.9 ¢m) packed with the sarﬁe

stationary phase was employed. For preparative separation, isolation and purification
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two binary gradient mobile phase systems were employed. Solvent A was prepared by
adding 30 mL of concentrated NH4OH to 3.97 L of deionized water and adjusting the pH
to 2.50 with concentrated TFA. Solvent B was prepared by adding 30 mL of NH,OH to a
solution of 1985 mL of HPLC grade MeCN and 1985 mL of deionized water. The
apparent pH of this solvent was then adjusted to 2.50 with concentrated TFA. Solvent C
was prepared by adding concentrated TFA to deionized water until the pH was 2.50.
Solvent D was prepared by adding concentrated TFA to a solution of 2 L of HPLC grade
MeCN and 2 L of deionized water until the apparent pH was 2.50.

HPLC-UV preparative method I was used to monitor the oxidation of DA in the
presence of GSH or Cys (and in separate experiments the oxidation of DOPAC in the
presence of GSH) and to separate and isolate the products from the reaction mixture.
This method utilized solvents A and B with the following gradient: 0-2 min, 100%
solvent A; 2-55 min, linear gradient to 30% solvent B; 55-60 min, linéar gradient to
100% solvent B; 60-65 min, 100% solvent B; 65-66 min, linear gradient to 100% solvent
A; 66-80 min, 100% solvent A. The flow rate was constant at 7.0 mL/min.

HPLC-UV preparative method 1I was used for additional purification and
desalting of the isolated products from HPLC preparative method I. This method utilized
the following gradient: 0-2 min, 100% solvent A; 2-35 min, linear gradient to 9% solvent
B; 35-40 min, linear gradient to 100% solvent B; 40-45 min, 100% solvent B; 45-46 min,
linear gradient to 100% solvent A; 46-60 min, 100% solvent A. The flow rate was

constant at 7.0 mL/min.
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¢. Oxidation reactions, isolation, purification and identification of products
For synthesis of the glutathiony! conjugates of dopamine, DA-HCI (21 mg, 0.11
mmol) and GSH (105 mg, 0.34 mmol) were dissolved in 35 mL of pH 7.4 phosphate

buffer (L = 0.2 M) and electrolyzed for 60 min at a controlled potential of 100 mV.

Following filtration, aliquots (10 < 35 mL) of the product solution were repeatedly
injected into the preparative HPLC system and the components were separated using
preparative method 1. The components eluted under individual chromatographic peaks
were collected separately. The fractions containing 5-S-glutathionyldopamine (5-5-GS-
DA), 2,5-di-S-glutathionyldopamine (2,5-di-S-GS-DA), and 2,5,6-tri-S-GS-DA  were
freeze-dried and the resulting solid materials, which contained ammonium
trifluoroacetate from the HPL.C mobile phase (preparative method I), were each dissolved
in the minimum volume of deionized water. The pH was adjusted to 2.5 with TFA,
desalted and purified using HPLC preparative method II. UV spectra (Hewlett-Packard
model 8452A diode array spectrophotometer) and ESI-MS spectra were collected for

each compound for proper identification as described in previous reports from this

laboratory.*'>**!

For synthesis of the glutathionyl conjugates of DOPAC, GSH (74 mg, 0.24 mmol)
and DOPAC (20 mg, 0.12 mmol) were used. For synthesis of the cysteinyl conjugates of
dopamine, Cys (27 mg, 0.22 mmol) and DA-HCI (21 mg, 0.11 mmol) were used. The
methodology for the electrolysis, isolation, purification and identification of the reaction
products followed the procedures used for the glutathionyl conjugates of DA (above).
The following products were identified based on UV-visible spectra and ESI-MS

212,221

spectra (see also, Figures 2:01-03).
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i.  5-S-cysteinyldopamine (5-S-Cys-DA)

ii. 2,5-di-S-cysteinyldopamine (2,5-di-S-Cys-DA)

iii.  5-S-glutathionyldopamine (5-S-GS-DA)

iv. 2,5-di-S-glutathionyldopamine (2,5-bi-S-GS-DA)

v. 2,5 6-tri-S-glutathionyldopamine (2,5,6-tri-S-GS-DA)

vi. 5-S-glutathionyl-3,4-dihydroxyphenylacetic acid (5-S-GS-DOPAC)

vil. 2,5-di-S-glutathionyl-3,4-dihydroxyphenylacetic acid (2,5-di-S-GS-DOPAC)

2. Analytical HPLC-EC Method I Development
a. Chemicals
5-HT, 3-MT, 5-HIAA, HVA, sodium I-octanesulfonic acid (SOS),
ethylenediaminetetraacetic acid (EDTA, disodium salt) and citric acid were obtained
from Sigma (St. Louis, MO). Methanol (MeOH, HPLC grade), hydrochloric acid (HCI)
and perchloric acid (HCIO4) were obtained from Fisher Scientific (Fair Lawn, NJ).
Diethylamine (DEA) was obtained from Mallinckrodt (Paris, KY). The sources of all

other chemicals have been described above.

b. Analytical HPLC Instrumentation

Analytical HPLC-EC method I was originally developed to obtain separation of
thirteen compounds: DA and its normal metabolites (DOPAC, 3-MT and HVA), 5-HT
and its metabolite 5-HIAA, and glutathionyl and cysteinyl conjugates of DA and
DOPAC. This method employed a BAS 200B HPLC system equipped with a BAS

Unijet reversed phase microbore column (ODS-18, 100 x 1 mm, 3 um particle size),
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Unijet guard column (ODS-18, 10 x 1 mm, 3 pm particle size) and a glassy carbon
electrode (3 mm diameter) set at +750 mV with respect to a Ag/AgCl reference electrode.
This system was equipped with a flow splitter so that approximately 10% of the mobile
phase fraveled through the microbore column and the other 90% through a Phenomenex
(Torrence, CA) IB-SIL reversed phase column (OBS-18-BD, 100 x 3.2 mm, 3 um).
ChromGraph® (BAS; version 1.5.01) software was utilized for data collection (Control;
version 1.52) and data analysis (Report; version 1.53). For some of the initial method
development, standards were manually injected onto column with a Rheodyne (Cotati,
CA) 9125 injector equipped with a 5.2 pL sample loop. Eventually, injections were
automated using a CMA/200 refrigerated autosampler (4°C) equipped with a CMA/240
online injector and a 5.2 plL sample loop. Standards were placed in 300 pL plastic vials

and sealed with Teflon seals.

¢. Method Development & Standard Stability

Initial separations were attempted using a mobile phase traditionally used to
separate biogenic amines consisting of citric acid, SOS, EDTA, DEA and MeQOH and/or
MeCN. Despite numerous adjustments to percentages of each of these components, pH
and flow rate, this mobile phase proved inadequate for a reasonable separation of all
thirteen compounds of interest. After extensive method development of mobile phase
conditions the following composition was used: 100 mL MeOH, 10 mL MeCN, 30 mL

NH4OH and 31 mL of TFA were added to 890 mL of deionized water. After filtration

(0.45 pm type HA membrane filter, Millipore, Bedford MA) the apparent pH was
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adjusted to 2.60 with TFA. The flow rate employed was 40 pul/min. This mobile phase
composition and flow rate provided optimum throughput with adequate resolution.

The mobile phase employed had minimal buffering capacity and, hence, it was
susceptible to pH drift.  Therefore, the pH had to be closely monitored and
correspondingly adjusted when appreciable changes (£ 0.1) occurred. HPLC-EC method
I was designed with a flow splitter, and hence, the only portion of the mobile phase that
was recycled is that which did not contain the injected compounds. This design enables
the injected compounds to travel through the microbore column and then to waste.
Typically, fresh mobile phase was made every month.

Experiments were conducted to determine: (1) the most stable acid for dissolving
and storing the standards and (2) the lowest analyte concentration that could be held for
approximately six months at -80°C. Various concentrations (1.0-100.0 mM) of either
HCI, HCIO4, or TFA were used with numerous concentrations (1.0 pM-10.0 mM) of the
thirteen compounds. The final conditions were as follows: (1) 0.1 M HCI was used to
make all analyte solutions; (2) individual compounds (from anhydrous form) were made
into solution at 5.0 mM; (3) after determining each compound's EC response, a mixture
of all thirteen compounds was made so that the chromatographic peak height was within
c.a. 30% of each other; (4) once in solution all samples were stored at -80°C in 1.5 mL
plastic vials prior to use but were discarded after 6 months. This mixture of compounds
had a concentration range of 0.1-1.0 mM and c.a. 20 pul. was stored in plastic 1.5 mL
Eppendorf microcentrifuge vials. On the day of an experiment, one vial was removed
and 15 pL was diluted to (typically) 1500 pl. with 0.1 M HCI and used to obtain a

standard curve (generated by at least 3 injections of 3 different concentrations). All
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standards were held on ice or at 4°C (if in the autosampler) and were discarded at the end
of the day. The detection limit + standard error of the mean (SEM) was calculated as 3
times the peak to peak baseline noise at the corresponding compound's tr with a 5.2 pL
sample loop injection (Table 2:01). In this particular field of microdialysis studies,
concentrations are typically reported in efflux units (fmol/min). Microdialysis flow rate

was always 1.5 ul/min, so conversion from traditional concentration units to efflux units

is straightforward.

Table 2:01. Detection limits (nM or fmol/min; + SEM, n = 48) with 5.2 pL
injection for 13 compound separation (HPLC-EC method I).

Compound Detection limit  Detection limit
+ SEM (nM) + SEM

(fmol/min)
2,5,6-tr1-5-GS-DA 9.57 £2.58 14.35 +3.87
DA 4.82+1.53 7.23 £2.29
2,5-di-S-Cys-DA 15.00 = 3.64 2254546
5-5-Cys-DA 536+ 181 8.04 +£271
’DOPAC 5.00+1.58 7.50 £2.37
2,5-di-S-GS-DA 1833 +477 2750 £7.16
5-5-GS-DA 8.75+298 13.12 £ 4.47
5-HT 3.00+095 450 +142
3-MT 4881154 731+231
S5S-HIAA 2.851+0.90 428 +1.35
5-S-GS-DOPAC 11.36 £ 4.34 17.04 £ 651
HVA 10.07 £3.39 16.07 £ 5.08
2,5-di-S-GS-DOPAC  21.17+£5.01 31.76 +7.52
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3. In Vivo Microdialysis in Freely Moving Rats

a. Chemicals and drugs

L-DOPA, o-amino-3-chloro-4,5-dihydro-5-isoxazoleacetic acid (ACV) and
magnesium chloride hexahydrate (MgCl,-6H,0) were obtained from Sigma (St. Louis,
MO). MPP" (iodide salt) was purchased from Research Biochemicals International (RBL
Natick, MA). Xylazine was obtained from Miles (Shawnee Mission, KS). Ketamine was
purchased from Phoenix Scientific (St. Joseph, MO). Sodium chloride (NaCl) and
calcium chloride dihydrate (CaCl,2H,0) were obtained from Mallinckrodt (Paris, KY).
Potassium chloride (KCl) was purchased from J T Baker (Phillipsburg, NJ). Ethyl
alcohol (EtOH; 200 proof) was obtained from Aaper Alcohol and Chemical Co.
(Shelbyville, KY). Ethyl ether and formic acid (88%) were obtained from Fisher
Scientific (Fair Lawn, NJ). The sources of all other chemicals have been described

previously.

b. Animals

Adult male albino Sprague-Dawley rats (Harlan Sprague-Dawley, Madison, WI)
weighing 330-350 g were used. After arrival they were allowed one week to become
equilibrated to new surroundings while housed in cages with bedding (Sani Chips™; P.J.
Murphy Forest Products, Montville, NJ) in groups of two or three with free access to
food (Lab Diet® #5008 Formulab Diet: PMI® Nutrition International, LLC; Brentwood,
MO) and water with a 12 hour light-dark cycle. After one week, rats were brought into

the laboratory during the day to become accustomed to the smell, noises and handling.
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c. Surgery

Animals were lightly anesthetized with ethyl ether (in a desiccator) to facilitate
the initial injections of surgical anesthesic (ketamine, 85.72 mg/kg; ca. 290 uL) and
analgesic (xylazine, 5.72mg/kg; ca. 195 puL). Approximately ten minutes after initial
anesthesic/analgesic, animals were given a pinch (with tweezers) on one of the muscles in
either hind leg to insure complete unconsciousness (lack of response). During surgery
animals received additional doses (if necessary) of anesthesic/analgesic at 67% of the
original dose, i.e., 57.15 mg/kg (ca. 193 uL) of ketamine and 3.83 mg/kg (ca. 130 pL) of
xylazine. Animals were placed in a stereotaxic instrument (Lab Standard ", Stoelting,
Wood Dale, IL) with the nose bar positioned 3.3 mm below the interaural line. Sterile
eve lubricant (Moisture Eyes  PM; Bausch and Lomb, Rochester, NY) was applied to the
animal's eyes for protectionf The scalp was trimmed of excess hair and sterilized with
70% EtOH. A midsagital incision was made with a surgical scélpel and the skull was
exposed. Bone trapenization was made with an electric drill handpiece system (XL-30W,
Osada Electric Co., LTD, Tokyo, Japan) using a surgical trephine drill bit (BAS). Proper
placement was relative to bregma and identified according to Paxinos and Watson.
Three smaller trapenizations were made in the area around the initial location and cranial
screws (Plastics One, Roanoke, VA) were secured (1 mm depth below surface of skull) in
these 3 locations. Dura was cut with a sterile needle (Precision Glide™ 26 G Y; Becton
Dickinson and Co., Franklin Lakes, NJ). The microdialysis probe guide/dummy cannula
(12-type, CMA) was implanted into the initial hole location, using the coordinates: 2.8

mm lateral and 0.5 mm anterior to bregma with the tip positioned 3.4 mm below dura.

34



The probe guide/dummy cannula was secured to the skull and the three screws with
cranioplastic cement (Plastics One).

Once the cranioplastic cement hardened, the incision was closed with 2-4 sutures
using monofilament polyglyconate synthetic absorbable sterile surgical suture (Maxon 5-
0, 17 mm; Davis + Geck, Danbury, CT). A collar (Bar-Lok® Cable Ties; Avery
Dennison, Framingham, MA; obtained from CMA) was fastened around the animal's
neck. The animal was then placed in a paper towel-lined cage on a heating pad (low
temperature setting) and allowed to recover from the anesthesia/analgesia. Once
conscious, each animal was transferred to its own cage with bedding, food and water and
were left undisturbed for 1-2 days. Two to three days before actual microdialysis
experiments, animals were placed in a bedding-lined 40 cm diameter Plexiglas bowl
seated on a BAS Raturn. The animal's collar was attached to a tether (with the ability to
move freely) and were given free access to food and water. This equilibration period
allowed the animals additional opportunity to become familiar with the microdialysis

experimental conditions.

d. Microdialysis

On the day of experiments using MPP", a microdialysis probe (CMA 12, 4 mm
membrane) was placed in a solution of 1.0 uM DA (dissolved in 1.0 mM HCI) and
perfused with artificial cerebral spinal fluid (aCSF; 147.0 mM NaCl, 2.7 mM KCl, 1.2

mM CaCl,, and 0.85 mM MgCl, in deionized water in the presence or absense of 1.0 mM
ACV, as appropriate) at a flow rate of 1.5 pL./min using a CMA 100 microinfusion pump

and a gastight 1000 pL syringe (Bee Stinger, model MD-0100: BAS). Dialysate was
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perfused through lengths of BAS Teflon and PEEK tubing (0.65 mm O.D. x 0.12 mm
I.D.) and collected in 300 pL plastic vials in a CMA 170 refrigerated (4°C) microfraction
collector. To determine probe recovery, six vials were collected for 10 min each (15 uL)
and the last 3 collections were analyzed by HPLC-EC method 1. Additionally, at least 3
separate injections of the original 1.0 uM DA (in 1.0 mM HCI) were analyzed by HPLC-
EC method 1. The perfusate chromatograms were compared to the standard DA
chromatograms and a recovery percentage was calculated. If the recovery for DA was <
20%, the probe was discarded. Typically, probes were found to be within the acceptable
DA recovery range (i.e., > 20%) for 2-3 experiments. At regular intervals over the course
of these microdialysis experiments, the probe recovery for all 13 compounds was
determined. Since this procedure required a much longer time period and more
importantly, was not necessary to determine probe recovery efficiency, it was conducted
only on a weekly basis.

Once satisfactory probe recovery had been achieved, the dummy probe was
removed from the guide cannula (in the animal) and replaced by the microdialysis probe
with the tip positioned 7.4 mm below dura. Throughout microdialysis experiments rats
were attached to a tether in a bedding-lined BAS Raturn and, therefore, were able to
move freely, and had free access to food and water. In these experiments, the first and
alternate fractions were used for amino acid analysis (Chapter Five), and the second and
succeeding alternate fractions for analysis of biogenic amines and possible glutathionyl
and cysteinyl conjugates of DA and DOPAC. For analysis of DA, 5-HT, their
metabolites and possible glutathionyl and cysteinyl conjugates of DA and DOPAC, the

dialysate was collected in the microfraction collector in which the second vial and
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alternating vials contained a volume of 0.2 M HCI equivalent to one-fourth the total
volume. For example, if the collection time was 5 min (7.5 uL) the vial would originally
contain 2.5 uL of 0.2 M HCL. The vials that were used to collecte dialysate for amino
acid analysis did not contain any pre-added solution. The dialysate fractions destined for
amino acid analysis were capped with a septum and frozen (-80°C) immediately after
completion of the microdialysis experiment.

Basal dialysate levels of DA, 5-HT and their metabolites were determined in
fractions collected over 15 min intervals (22.5 ul). After analysis of these dialysates
gave at least three consecutive constant basal levels of these neurochemicals (ca. 3 h;,
e.g., + 10 % for DOPAC), a BAS Uniswitch Syringe Selector switched the perfusion
solution to aCSF containing MPP" (0.7, 1.3, 2.5 or 10.0 mM) with or without 1.0 mM
ACYV for 30 min after which the perfusate was switched back to aCSF alone or aCSF plus
1.0 mM ACV. Upon initiation of MPP" perfusion, dialysate samples were collected at 5
min intervals (7.5 pL) for 3 h and subsequently at 10 min intervals (15 pl) for at least
another 3 h. In all these studies, an identical microdialysis experiment was carried out on
the same animal 24 h after the initial experiment. The concentration and length of
perfusion of ACV was based on previous microdialysis investigations conducted in our
laboratory®"® where a 3 h perfusion of 1.0 mM ACV was found to fully inhibit y-GT
based on two results: (1) extracellular Cys levels became undetectable (< 0.08 uM) after
about 1 h of a constant pefusion of 1.0 mM ACV; and (2) during the perfusion of 1.0 mM
ACV extracellular GSH levels rose for about 3 h.

At the conclusion of each day's microdialysis procedures, in vitro DA probe

recovery was carried out to msure that the probe had functioned properly throughout the
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experiment. All tubing was thoroughly rinsed with deionized water for 12 h m order to
remove all traces of salts and other chemicals. After the day 1 microdialysis experiment,
animals were removed from the Raturn and returned to individual cages. Following day
2 experiments, animals were sacrificed and correct placement of probes was verified as

described by Santiago et al.>!

e. HPLC-EC

HPLC-EC method I was automated and was the primary system used throughout
the entire project to analyze dialysate fractions for DA, 5-HT, their normal metabolites
and to search for glutathionyl and cysteinyl conjugates of DA and DOPAC. Vials
containing dialysate fractions were capped with a septum and loaded into a refrigerated
(4°C) autosampler. Neurochemical concentrations (expressed as efflux in fmol/min)
were determined based on calibration curves obtained with standard mixtures of known
compounds. At the beginning of each day's chromatographic analysis, standard mixtures
(3 different concentrations, 3 times each) were injected to check calibration curves.
During the course of autoinjection of dialysate fractions, standard mixtures were injected
as every fifth sample to monitor and correct for possible chromatographic drift and
detector response deviations. Using this method, the following basal neurochemical

levels were measured (fmol/min + SEM; n = 32): L-DOPA (8 + 6), DA (28 + 12),

DOPAC (3468 + 1159), 5-HIAA (1864 + 270), and HVA (2211 + 489). Basal levels of

5-HT and 3-MT were at or below their detection limits, 5 and 7 fmol/min, respectively.
HPLC-EC analytical methods II-IV all employed a BAS PM-80 pump, a LC-4C

amperometric detector with a glassy carbon detector electrode (3 mm diameter) and a

38



DA-5 data acquisition system. HPLC-EC method II used a Rheodyne 9125 injector with
a 5.0 uL sample loop. The glassy carbon detector electrode was set at +750 mV vs. a
Ag/AgCl reference electrode. A BAS Unijet microbore column (ODS-18, 100 x 1 mm,
particle size 3 um) was used. The mobile phase was prepared by adding 50 mL MeOH,
20 mL NH4OH and 21 mL TFA to 950 mL of deionized water. After filtration, the
apparent pH was adjusted to 2.50 with additional TFA. The flow rate was 30 pL/min.

HPLC-EC method III used a Rheodyne 7125 injector and a 20.0 uL sample loop.
The glassy carbon detector was set at +850 mV vs. Ag)AgCl reference electrode. This
system was equipped with a Phenomenex (Torrence, CA) IB-SIL reversed phase column
(OBS-18-BD, 100 x 3.2 mm, 3 pm). The mobile phase was 5% (v/v) MeOH in deionized
water adjusted to pH 2.80 with formic acid. The flow rate was 0.3 mL/min.

HPLC-EC analytical system IV used a Rheodyne 9125 injector and a 5.0 pL
sample loop. The glassy carbon detector electrode was set at +850 mV vs. Ag/AgCl
reference electrode. This system was equipped with a BAS unijet reversed phase
microbore column (ODS-18, 110 x 1 mm, 3 um) and a Unijet guard column (ODS-18, 10
x 1 mm, 3 pm). The mobile phase was prepared by adding 0.85 mL DEA, 59.2 mg SOS,
187 mg Na,EDTA dihydrate and 21 g citric acid monohydrate to 970 mL of deionized
water. After filtration, the pH of this solution was adjusted to 2.40 with HCIO, and then

30 mL of MeCN added. The flow rate was 72 plL/min.

f. Calculations and Statistics
Neurochemical concentrations measured in microdialysis experiments are

expressed as efflux in fmol/min + SEM based on at least four replicate experiments. The
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effects of MPP" on neurochemical levels compared efflux data before, during and after
perfusion using one-way ANOVA followed by Dunnet's post hoc test. A p-value < 0.05
was taken as significant. GraphPad Prism" (version 2.01, GraphPad Software; San

Diego, CA) was used for efflux plots and statistical calculations.

C. Results
1. Effects of MPP' Perfusion on Dialysate Levels of DA, 5-HT and Metabolites

A chromatogram of a stanciard mixture of DA, 5-HT, their normal metabolites
together with 5-S-, 2,5-di-§- and 2,5,6-tri-S-GS-DA, 5-S- and 2,5-di-S-GS-DOPAC and
5-S- and 2,5-di-S-Cys-DA is shown in Figure 2:04A. A representative chromatogram of
a rat striatal dialysate collected immediately prior to perfusion of MPP" (Figure 2:04B)
shows peaks corresponding to basal levels of DA, DOPAC, S5-HIAA and HVA.
Perfusion of MPP" evoked a massive increase of dialysate levels of DA and other
characteristic changes in the concentrations of its metabolites. However, MPP" also
evoked the appearance of a compound in dialysates having a tg of 3.66 min (Figure
2:04C) identical to the tg of 2,5,6-tri-5-GS-DA. However, several factors tended to argue
against the likelyhood that this peak was in fact due to 2,5,6-tri-S-GS-DA. For example,
peaks corresponding to 5-5- and 2,5-di-S-GS-DA (Figure 1:02), obligatory precursors of
2,5,6-tr1-5-GS-DA when DA is oxidized in the presence of GSH,,212 were never observed
in chromatograms of striatal dialysate samples collected during or after perfusions of
MPP" (0.7-10.0 mM). Similarly, peaks corresponding to cysteinyl conjugates of DA
were never detected in dialysates. Such conjugates would be expected when perfusions

were conducted in the absence of ACV both as a consequence of the oxidation of
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released DA in the presence of Cys™ and as a result of the degradation of extracellular

glutathionyl conjugates of DA by the action of y-GT and ApN.**?

2. Detection of an Unknown Compound and Identification Experiments
The acquisition of a new Micromass Q-TOF ESI-MS prompted numerous efforts
to determine the identity of the unknown peak employing ESI-MS with direct injection,
HPLC-MS and nanospray sample introduction. Previous studies have been conducted in

which the identity of similar unknown compounds had been determined by this

-235
method.146’233 23

Other investigators have reported detection limits for similar
compounds that were in the approximate concentration range of putative 2,5,6-tri-S-GS-
DA P Tnitial studies conducted with standards of 2,5,6-tri-S-GS-DA provided
disappointing detection limits for the MS detector that were certainly above the suspected
concentration of the unknown compound present in dialysate.

Experiments were conducted to identify the unknown compound by reducing the
solvent volume in order to increase the concentration of putative 2,5,6-tri-S-GS-DA.
Microdialysis fractions that contained the highest concentrations of this unknown were
autoinjected onto HPLC-EC method I and the solution eluted under its chromatographic
peak was collected and held at 4°C until at least 6 samples had been collected. The
collected samples were pooled in 1.5 mL microcentrifuge vials and centrifuged (14,000 x
g, 4°C) until the solvent volume was reduced to approximately 5 pL. The sample was

then introduced into the ESI-MS, usually with nanospray delivery. These experiments

were unsuccessful at confirming the identity of putative 2,5,6-tri-S-GS-DA.
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Further literature research provided clues that the HPLC-EC method 1 mobile
phase was interfering with the ESI-MS signal, principally the high concentration of TFA
which at elevated levels supresses ionization. Accordingly, additional HPLC-EC
methods were designed to eliminate this problem by employing mobile phases with a
lower level of TFA (HPLC-EC method 1I) and a method that eliminated TFA from the
mobile phase employing only formic acid and deionized water as the mobile phase
(HPLC-EC method III). Dialysafe collected from microdialysis experiments where
MPP" was perfused was analyzed employing HPLC-EC methods II and III. Results from
these experiments failed to confirm the identity of the unknown compound as 2,5,6-tri-S-
GS-DA (Table 2:02). Employing HPLC-EC methods II-IV the unknown compound
present in dialystae from MPP"-perfused rats, did not have the same tg as 2,5,6-tri-S-GS-
DA and did not coelute with added 2,5,6-tri-S-GS-DA (Table 2:02). Instead employing
HPLC-EC methods I-IV the unknown compound present in dialysate from MPP'-
perfused rats had the same tg as L-DOPA* and coeluted with added L-DOPA (Table
2:02). Despite reducing and eliminating HPLC mobile phase interferents, additional ESI-
MS experiments failed to confirm the identity of this compound as L-(D-)DOPA,

probably because of the high salt content of aCSF/CSF which are easily ionized by EST.

* Unequivocal proof that extracellular L-DOPA is formed is provided in

Chapter Three (pg. 106 and Figure 3:17, pg. 125).
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Table 2:02. Chromatographic retention times for DA, 2,5,6-tri-S-GS-DA,
L-DOPA and the compound present in rat striatal dialysates
in response to perfusion of MPP™

HPLC-EC retention time (min)°
method”

DA 2,5,6-tris-S-GS-DA L-DOPA dialysate

compound
I 4.02 3.66 3.66 3.66
I 4.58 9.09 497 499
111 3.74 4.23 341 343
v 525 4.09 3.90 3.90

“Dialysate samples were collected between 15-20 min (5 min coliection time, 7.5 plL)
following 30 min perfusion of 10.0 mM MPP" dissolved in aCSF.

*Experimental conditions for HPLC-EC methods I-IV are provided in Experimental.

“Data are mean of at least 3 replicate measurements.

3. Extracellular effects of various concentrations of MPP"

with and without ACV on day 1 and day 2.

Previous microdialysis studies with MPpp*1>2227:239-241

have shown that a

significantly reduced efflux of DA in response to MPP" perfusion on day 2 compared to

that on day 1 provides a reliable indication that the day 1 perfusion causes neurotoxic

damage to dopaminergic terminals.**’ However, in many of these previous experiments

the dialysate collection time was > 10 min and the day 2 concentration of MPP" was

greater than that received on day 1. In the present study the dialysate collection time was

5 min which provided a more detailed temporal profile of extracellular neurochemical

changes evoked by MPP". Additionally, the day 2 concentration of MPP" was the same
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as that perfused on day 1. The idea was that as MPP" is perfused into the striatum it will
travel a certain distance from the probe. Therefore, perfusion of the same concentration
of MPP" on day 2 as that received on day 1 would affect approximately the same area of
the striatum as the identical concentration of MPP" did on day 1.

The time-dependent effects evoked by 30 min perfusions of MPP" (0.7-10.0 mM)
on day 1 into the rat striatum on dialysate neurochemical levels are presented in Figures
2:05-60. Thus, MPP" evoked an almost instantaneous dose-dependent efflux of DA that,
after attaining maximal values, declined back towards basal levels (Figures 2:13-20).
Perfusion of MPP" also evoked an almost immediate decrease of dialysate concentrations
of DOPAC (Figures 2:21-28) and HVA (Figures 2:53-60), an effect that persisted for
many hours after the perfusion was discontinued, presumably the result of the inhibition
of MAO-A and -B by MPP***? Dialysate levels of 3-MT increased when MPP*
perfusions were initiated but then declined when the perfusions were discontinued
(Figures 2:37-44). However, both during and after MPP" perfusion, dialysate
concentrations of 3-MT remained significantly elevated above virtually undetectable
basal levels indicating a shift of DA metabolism from the MAO-B pathway, inhibited by
MPP”, to that catalyzed by catechol-O-methyltransferase (COMT). Perfusion of MPP”
onday 1 evoked a delayed increase of dialysate levels of L-DOPA (Figures 2:05-12). As
with DA, this rise of extracellular L-DOPA was only transient. Perfusion of MPP' on
day 1 also evoked an almost immediate but transient efflux of 5-HT (2:29-36), although
much smaller than that of DA (Figures 2:13-20), and a profound but persistent decrease
of dialysate levels of 5-HIAA (Figures 2:45-52), presumably caused by inhibition of

MAQO.
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Perfusion of MPP" (0.7-10.0 mM) on day 2 resulted in a greatly attenuated release
of DA (Figures 2:13-20) and L-DOPA (Figures 2:05-12), compared to day 1. For 5-HT
(Figures 2:29-36) and 3-MT (Figures 2:37-44) this same day 2 effect was apparent except
when 0.7 mM MPP" had been perfused (in the absence of ACV) on day 1, which resulted
in a day 2 release for both 5-HT (Figure 2:29) and 3-MT (Figure 2:37) that was virtually
identical to the day 1 release. Prior to MPP" perfusion on day 2, dialysate concentrations
of DOPAC (Figures 2:21-28) and HVA (Figures 2:53-60) were attenuated in inverse
proportion to the concentration of MPP" perfused on day 1. For 5-HIAA the day 2
attenuated basal levels was not apparent until MPP® concentrations were > 2.5 mM
(Figures 2:49-52). These effects are consistent with neurotoxic damage to dopaminergic
and serotonergic systems in the striatum by MPP" perfusion on day 1.’

Using the preceding 2-day experimental paradigm it was possible that physical
damage caused by insertion of the microdialysis probe on day 1 might have affected the
MPP"-mediated release of DA on day 2. This was investigated by perfusing aCSF alone
on day 1 followed by MPP" (2.5 mM; 30 min) on day 2 and comparing the DA release
and other neurochemical changes on day 2 to those observed when MPP" (2.5 mM) was
perfused on day 1. The results presented in Table 2:03 indicated that the neurochemical
effects evoked by MPP" perfusion on day 2, aCSF alone having been perfused on day 1,
were indistinguishable from those evoked by MPP" perfusion on day 1. These results
indicate that there was no significant dopaminergic or serotonergic terminal damage
caused by probe insertion on day 1 that influenced any of the neurochemicals levels

induced by day 2 perfusion of MPP".
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Table 2:03. Maximum extracellular neurochemical changes evoked by perfusion
of MPP" (2.5 mM; 30 min) into the awake rat striatum on day 1 and
on day 2 after perfusion of aCSF alone on day 1.

Neurochemical Maximal Neurochemical Concentration”
(fmol/min) for:

Day 1 perfusion® Day 2 perfusion”
of MPP* of MPP" one day
after aCSF perfusion
L-DOPA 327 £111 341 £ 119
DA 6766 + 2031 6886 £ 2043
DOPAC 3713 £ 1478 3521 £ 1646
5-HT 198 £ 69 179 £ 36
3-MT 600 £ 109 685 = 115
5-HIAA 1904 + 255 1842 + 340
HVA 2092 + 683 2257+ 715

*Measured at time of maximal release.

’Data are mean + SEM (n=4).

Perfusion of increasing concentrations of MPP" (0.7-10.0 mM) into the striatum

on day 1 caused correspondingly increased maximal releases of L-DOPA, DA, 5-HT and

3-MT (Figures 2:61-64, 67-70 and Table 2:04). However, the larger the release of L-

DOPA, DA, 5-HT and 3-MT on day 1 the smaller their release caused by the day 2

perfusion of MPP" (Figures 2:61-64, 67-70 and Table 2:04). Additionally, the day 2

basal levels of DOPAC (Figures 2:65, 66), HVA (Figures 2:71, 72) and 5-HIAA (Figures

2:73, 74), which were usually the maximum efflux for these compounds, were
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increasingly attenuated proportional to increasing concentrations of MPP" perfused on
day 1 (Table 2:04). These observations suggested that the severity of dopaminergic and
serotonergic damage increases with increasing concentration of MPP" perfused on day 1.
For L-DOPA (Figures 2:11, 12) and DA (Figures 2:19, 20), there was no detectable
release on day 2 when 10.0 mM MPP" had been perfused on day 1. Coinciding with this
observation, on day 2, after 10.0 mM perfusions of MPP" on day 1, metabolites of DA,
DOPAC (Figures 2:27, 28) and 3-MT (Figures 2:43, 44), were undetectable. For 5-HT
when this same concentration of MPP” (10.0 mM) had been perfused on day 1, there was
still a detectable release on day 2 (although minimal; Figures 2:35, 36) with an increase
from basal levels of 5-HIAA (Figures 2:51, 52) occurring after 5-HT release. In
microdialysis experiments where 1.0 mM ACV was constantly perfused (3 h before,
during and after MPP"), the maximum efflux and the time-dependent behavior of L-
DOPA, DA, DOPAC, 3-MT, 5-HT, 5-HIAA and HVA evoked by a 30 min perfusion of
MPP" (0.7-10.0 mM) did not significantly differ from experiments conducted in the

absence of ACV (Table 2:04).
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Table 2:04. Maximum extracellular neurochemical concentrations (fmol/min)
of L-DOPA, DA, DOPAC, S-HT, 3-MT, S-HIAA and HVA evoked by
perfusion of MPP" on day 1 and day 2 in the absence and presence of ACV
(mean + SEM, n =4).

Absence of ACV Presence of ACV
Biogenic MPP" Day 1 Day 2 Day 1 Day 2
Amine [mM]
0.0 8+6° g+ 4° 7+2° 7+5°
0.7 95 +32 31+11 269 + 60 27+ 14
*) *#) (**++) (* ##)
L-DOPA 1.3 292 + 97 3117 388 = 188 2+5
(**, X) (*#) ™) (#)
2.5 327+ 111 8+5 503 + 185 9+6°
) (x#) (™) (##)
10.0 606 + 108 6+ 10 752 +£220 5+4°
(™) (21,0,5,0)° ) (0,6,4,10)°
(##) (##)
0.0 26 + 15° 12+ 12° 25 +£13° 7+ 3°

0.7 2459 + 496 1482 + 190 3920 + 424 1317 £200

) ("™ #) (" ++4) (¥
DA 1.3 6165 + 1533 598 £330 6143 £ 1320 375 197
*x) ("0 ) (*x) (" ##)
2.5 6766 +2031 393 £240 6492 + 1384 72 +£52
™) (*##) ") (##)
10.0 | 8596 + 1268 0* 8792 £ 1396 0
(™) (x.#6##) ) (###)

0.0 3468 +223° 3380+ 137° | 2905 +273° 2854 + 400°

0.7 3275 + 941° 1200 +490° | 2850 + 1041° | 1002 +241°

(" #) (**#
DOPAC | 13 | 3933 +1231° | 1566+823° | 2935+ 1672° | 572 +530°
8 (= )
2.5 | 3713+1478° | 256+106° | 3429 +1962° | 228 +125°
(- ##) (= #)
10.0 | 4246 +677 16 + 11 4869 + 592 22 +26
(19,21,24,0) () (0,34,0,52)
{*** X, #H#) (¥ X #HHE)
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0.0 4+4° 4+4° 4+5° 3+3°
(0,0,9,5)" (0,0,8,6)" (0,7,9,0)" (0,5,6,0)
0.7 52411 51+8 96 + 13 35+11
(**) (*) (™, ++) (= ##)
5-HT 13 162 + 45 86 +26 184 + 58 41+19
(**x) (*x#) (*x) (*#7)
25 198 + 69 54+38 208 + 103 3149
) (= #) *) (*#%)
100 | 3244110 43 + 69 256 + 63 8+ 10
(%) (9,146,0,7)° ) (0,19,0,15)
(# (X, ##)
0.0 2+4° 2+4° 4+5° 4+ 4°
(0,0,7,0)° (7,0,0,0)° (0,9,0,8)" 0,0,7,7
0.7 183 + 54 116 + 33 250 + 50 80 + 39
" (**) ) (*#4)
3-MT 13 555+ 133 217 + 86 514 + 109 134 + 84
(**,xx) (*4#4) (%) (* )
25 600 + 109 113 +52 614 +92 124 £ 65
) (*#9tH) () (* #H#)
100 | 676+311 0° 578 +218 0°
*) (x##) (**) (x,#4#)
0.0 | 1989+455° | 1953 £424° | 1612+235° | 1625 +300°
0.7 | 1722 +£108° | 1469 +342° | 1846 +£210° | 1568 +304°
S-BIAA | 13 | 1852+273° | 1780+549° | 1944 +236° | 1498 + 803°
2.5 | 1904 +255° 940 +366° | 1734 £364° | 1144 +368°
(** 3#4) (*#)
10.0 | 2708 + 340 394 +£306 | 2469 + 354 367 +428
(*x%) (X ) (0,796,0,672)
(7 X #H)
0.0 | 2064 +530° | 2209 +359° | 2293 +434° | 2076 +447°
0.7 | 2350+259° | 1183 +332° | 2095 +436° 732+ 271°
() ()
HVA 13 | 2402+672° | 1195+561° | 2239 +810° 634 +437°
(*#) (*#)
25 | 2092 +683° 592 £217° | 2048 +765° 321 +153°
(™ #) (" #+)
10.0 | 1994 +260° 12+8° 2434 +230° 13 + 16°
(0,14,17,17)° (0,19,0,33)°
{7 X #HHE) (*** x, #HE)
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® =no release was observed with any animal.

% = release values for each animal perfused on day 1 or day 2.

¢ =maximum efflux was the basal level.

(*) = significant difference vs. basal level.

(x) = significant difference vs. the previously lower MPP" concentration perfused.
(#) = significant difference between day 2 and day 1.

(+) = significant difference between the presence and absence of ACV.

'p <0.05,%p <0.01, *p < 0.001.

The maximum release of L-DOPA on day 1 when 0.7 mM MPP" was perfused in
the presence of ACV was approximately three times that of experiments where 0.7 mM
MPP" was perfused in the absence of ACV (p < 0.01; Figures 2:61, 62, Table 2:04).
However, at all other concentrations of perfiused MPP" there was no difference between
L-DOPA dialysate levels in the presence or absence of ACV on day 1 or 2. The
maximum release on day 1 of L-DOPA in the absence of ACV significantly increased
(p < 0.05) when the concentration of perfused MPP" was increased from 0.7 mM to 1.3
mM, and from 2.5 mM to 10.0 mM (p < 0.05), but not from 1.3 mM to 2.5 mM. When
MPP" was perfused in the presence of ACV there was no statistical difference observed
in the maximum efflux of L-DOPA on day 1 with increasing concentrations of MPP".
Nevertheless, while statsistically non-significant, there was still an apparent increase in
the mean maximum efflux of L-DOPA by MPP" in the presence of ACV. Day 2
maximum efflux levels of L-DOPA were attenuated proportional to the concentration of
MPP" perfused on day 1 for all concentrations of perfused MPP" in the presence and
absence of ACV.

The maximum release of DA on day 1 when 0.7 mM MPP" was perfused in the

presence of ACV was approximately 1.5 times (p < 0.01) that of experiments where 0.7
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mM MPP" was perfused in the absence of ACV (Figures 2:63, 64, Table 2:04).
However, the day 2 release did not differ statistically when 0.7 mM MPP" was perfused
in the absence or presence of ACV. At all other concentrations of perfused MPP" there
was no difference between DA release in the presence or absence of ACV on day 1 or 2.
In the absence and presence of ACV, the only time there was a statistical significant
increase (p < 0.05) in the maximum efflux of DA on day 1 (comparing the effect of
increasing concentrations of perfused MPP") was when the concentration of perfused
MPP" was increased from 0.7 to 1.3 mM. Day 2 maximum efflux levels were attenuated
proportional to the concentration of MPP" perfused on day 1 for all concentrations of
perfused MPP" in the presence and absence of ACV. There appears to be a trend
(although not statistically significant) that coperfusion of ACV potentiated the MPP"-
induced dopaminergic damage indicated by attenuated maximum DA efflux levels on
day 2.

Dialysate levels of DOPAC on day 1 immediately decreased from basal levels
during perfusion of all concentrations of MPP® (Figures 2:21-28). There was no
difference in the maximum efflux (Figures 2:65, 66, Table 2:04) nor the time dependent
behavior (Figures 2:21-28) for DOPAC on day 1 or day 2 when MPP” was perfused in
the presence or the absence of ACV. However, when 10.0 mM MPP" was perfused in
the presence of ACV, there was an immediate rise in the concentration of DOPAC
(2 times basal level; p < 0.01) occurring for 10 min, which was soon followed by its rapid
decline (Figure 2:28). This same behavior was observed when 10.0 mM MPP" was
perfused in the absence of ACV, but to a lesser extent (Figure 2:27). At all concentrations

of MPP" perfused (in the presence and absence of ACV), day 2 basal levels of DOPAC
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were significantly attenuated compared to day 1 (Figures 2:21-26), being attenuated
proportional to the concentration of MPP" perfused on day 1 (Figures 2:65, 66, Table
2:04). When 10.0 mM MPP" was perfused on day 1, there was virtually no detectable
basal concentration of DOPAC on day 2 in the presence and absence of ACV (Figures
2:27, 28, 65, 66, Table 2:04).

The maximum release of 5-HT on day 1 when 0.7 mM MPP" was perfused in the
presence of ACV was approximately two times that of experiments where 0.7 mM MPP"
was perfused in the absence of ACV (p < 0.01; Figures 2:29, 30, Table 2:04). However,
at all other concentrations of perfused MPP" there was no difference between 5-HT
dialysate levels in the presence or absence of 5-HT on day 1 or 2 (Figures 2:67, 68, Table
2:04). Day 2 maximum efflux of 5-HT was significantly lower in the presence of ACV
compared to the absence of ACV at all concentrations of perfused MPP”. In the absence
of ACV, 0.7 mM MPP" evoked the same release of 5-HT on day 2 as on day 1. When
1.3 mM MPP" was perfused in the absence of ACV on day 2, the maximum efflux was
approximately one half that evoked by identical concentration of MPP" perfused on day
1. It appears, therefore, that ACV may potentiate the serotonergic neurotoxicity invoked
by MPP" as evidenced by the attenuated release of S-HT on day 2 (compared to 5-HT
released in response to perfusion of MPP" in the absence of ACV).

There was no difference in the maximum efflux (Figures 2:69, 70, Table 2:04) or
the time dependent behavior (Figures 2:37-44) of 3-MT on day 1 or day 2 when MPP"
was perfused in the presence of ACV or the absence of ACV. Increasing concentrations
of perfused MPP" above 1.3 mM did not result in a corresponding increase in the

maximum efflux of 3-MT on day 1. When 0.7 mM MPP" was perfused, day 2 maximum
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efflux levels were 60% and 40% of day 1 levels in the absence and presence of ACV,
respectively. When 10.0 mM MPP" was perfused on day 1, 3-MT was not detected prior
to, during or after the day 2 perfusion (Figures 2:43, 44, 69, 70, Table 2:04).

The maximum efflux (usually basal levels, Figures 2:71, 72) and the time
dependent behavior (Figures 2:45-52) of 5-HIAA (on day 1 and day 2) were not
significantly different when MPP" was perfused in the presence or absence of ACV. At
all concentrations of MPP" perfused, there was a decrease in basal levels of 5-HIAA on
day 1 and day 2 immediately induced by perfusion of MPP" (Figures 2:45-52). Day 2
basal levels were the same as those on day 1 at concentrations of MPP" perfused < 1.3
mM in the absence of ACV and < 2.5 mM in the presence of ACV (Figures 2:71, 72,
Table 2:04).

Day 1 basal levels of HVA decreased at increasing rates in proportion to
increased concentration of MPP" perfused in the presence and absence of ACV (Figures
2:53-60). On day 1 there was no difference in the maximum efflux of HVA induced by
MPP" in the presence compared to in the absence of ACV (Figures 2:73, 74, Table 2:04).
At all concentrations of MPP" day 2 basal levels were attenuated in inverse proportion to

the concentration of MPP" (in the presence or absence of ACV) perfused on day 1.
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D. Discussion
The initial steps in the neurotoxic mechanism evoked by MPP" are believed to

2

involve its rapid DAT-mediated uptake into dopaminergic neurons,'” where it is

3 I 243

concentrated into mitochondria’® and inhibits mt complex The resultant energy
impairment, depolarization,” ‘f interference by MPP" with the vesicular storage of DA™
and reversal of the DAT" all contribute to the massive almost instantaneous release of
DA (Figures 2:13-20). However, the transport process that concentrates MPP" into

mitochondria is energy dependent.'®

Thus, when dopaminergic mitochondria become
severely de-energized, MPP" is presumably released into the cytoplasm and then
transported out of these neurons by the reversed DAT. MPP" therefore should, and
indeed does,” induce only a transient neuronal energy impairment. As the MPP*-
induced energy impairment subsides, increasing ATP production would be expected to
initiate repolarization of the neuronal membrane which in turn would return the reversed
DAT to its normal function with the resultant uptake of released DA."*® Such a sequence
is consistent with the massive release of DA evoked by MPP" perfusion followed by the
fall of extracellular DA concentrations when the perfusion is discontinued (Figures 2:13-
20). That the latter effect is probably indicative of the DAT-mediated reuptake rather

than metabolism of released DA is supported by the observation that as extracellular DA
concentrations fall, so also do those of its metabolites DOPAC (Figures 2:21-28), 3-MT
(Figures 2:37-44) and HVA (figures 2:53-60). |

The experimental microdialysis results presented earlier, indicate that perfusion of

>0.7 mM MPP" on day 1 induces an efflux of DA on day 2 that is inversely proportional

to the concentration perfused on day 1 (Figures 2:63, 64). This indicates that perfusion of
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> 0.7 mM MPP" for 30 min on day 1 evokes neurotoxic damage to dopaminergic

terminals as demonstrated by Santiago et al.*’

and in observations presented in Chapter
Six. The decreased release of 5-HT in response to perfusion of > 1.3 mM MPP” on day 2
compared to day 1 (Figures 2:67, 68) suggests that at higher concentrations, MPP" is also
a serotonergic neurotoxin as proposed by others **!

Perfusion of MPP" evokes the appearance of a compound in dialysates having a tr
identical to that of 2,5,6-tri-S-GS-DA using HPLC-EC method I (Figure 2:04). Attempts
to providé additional confirmation of the identity of this compound using ESI-MS were
unsuccessful probably due to interference from the high salt content of the aCSF.
Accordingly, additional chromatographic methods were developed (HPLC-EC methods
II-1V), which unequivocally revealed that this compound was not 2,5,6-tri-§-GS-DA.
Instead these HPLC methods along with HPLC-EC method I strongly support the
conclusion that this compound is L-DOPA on the basis of matching tg and by co-elution
of the unknown with L-DOPA (Table 2:02).

Neither cysteinyl nor glutathionyl conjugates of DA or DOPAC were detected in
rat brain dialysates in response to MPP' perfusions. There was virtually no major
difference in the concentrations of L-DOPA, DA, DOPAC, 5-HT, 3-MT, 5-HIAA, or
HVA as a result of MPP" perfusions in the presence or absence of ACV (Figure 2:61-74).
It was initially hypothesized that ACV would be neuroprotective by inhibiting the y-GT
degradation of GSH to Glu, and hence, excitotoxicity via overstimulation of
NMDA/AMPA receptors. However, if anything, ACV appeared to potentiate the
apparent dopaminergic and serotonergic damage induced by MPP" (Figures 2:63, 64,

2:67, 68 respectively).
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Thus, the role of y-GT may not be as important as initially believed. Apparent
dopaminergic neurotoxicity occurred with or without inhibition of y-GT. However, the
neurotoxicity may occur by different mechanisms. When y-GT is not inhibited the
proposed intracellular generation of 5-S-Cys-DA leading to neurotoxic DHBT/BT species
may still occur. When y-GT is inhibited, there appears to be no (or limited) Cys*"
available for import into DA neurons as the energy impairment subsides. However, since
ACYV had no effect on the rise of extracellular Glu (results presented in Chapter Five),
NMDA receptors would continue to be activated and, thus, there would be continued
intraneuronal production of O, HO- and ONOQ". Hence, as DA re-enters neurons it
will be oxidized to DAQ, which is itself a mt toxin that uncouples respiration, induces mt

8

swelling and opens the permeability transition pore,®® in addition to irreversibly

inhibiting TH.
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E. Conclusion

At no time during perfusion of MPP’ (both, with and without ACV) were
glutathionyl or cysteinyl conjugates of DA or DOPAC (or disulfides such as GSSG and
cystine)*® detected by HPLC in striatal dialysates. The presence of such compounds
would be expected if MPP" mediates extracellular generation of HO- and/or ONOO
which should oxidize released DA, GSH and Cys. These observations (and those
presented in the following chapter) suggest that MPP" does not mediate significant
production of extracellular HO: and/or ONOO". Coperfusion of MPP” with ACV was not
neuroprotective and had no significant effect on extracelluiar concentrations of DA, 5-HT
and their metabolites. However, an unknown compound present in rat striatal dialysate
collected during perfusions of (0.7-10.0 mM) MPP", initially thought to be 2,5,6-tri-S-
GS-DA has been identified as L-DOPA.* The validity of this identity was based on the
unknown peak in dialysates exhibiting the same tg and co-migrating with added L-DOPA
using HPLC-EC methods I-IV (Table 2:02). This is the first report of a MPP"-induced

transmitter-like release of L-DOPA.

* Unequivocal proof that extracellular L-DOPA is formed is provided in

Chapter Three (pg. 106 and Figure 3:17, pg. 125).
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Figure 2:01. L-DOPA, DA, 5-HT and their normal metabolites,
3-MT, DOPAC, HVA and 5-HIAA
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Figure 2:02. Glutathionyl conjugates of DOPAC and cysteinyl conjugates of
DA were synthesized by controlled potential electrochemical
oxidation, isolated by preparative HPLC-UV, and identified by
UV spectra and ESI-MS.

59



"HOOC H
N
HOOC\/ \’/\
HO NH, 0 S
HO NH,
HO
S O HO
\]/\N/\COOH s 0
N, o \,/‘\N/\COOH
O HN H
O
HOOC
NH,
HOOC
5-S-GS-DA NH;
5-S-glutathionyl- .
dopamine 2,5-di-S-GS-DA
0 2,5-di-S-glutathionyl-
H,N dopamine
Hooc y NH
N
HOOC\/ \‘/I\
O S NH,
HO 0
2,5,6-tr1i-S-GS-DA COOH
2,5,6-tri-S-glutathionyl- HN/“\H/\N/H
: 2
dopamine HO S “COOH
S O O
N coon
HN H
Figure 2:03. O
Glutathiony! conjugates of DA were
synthesized by controlled potential
electrochemical oxidation, isolated by HOOC
preparative HPLC-UV, and identified NH,
by UV spectra and ESI-MS.

60



45}

40r

35¢

2,5-di-S-CyS-DA
5-S-CyS-DA

DOPAC
2,5-di-S-GS-DA

-tti-S-GS-DA
£
5-S-GS-DA

5-5§-GS-DOPAC

HVA

2,5-di-S-GS-DOPAC

2,5

3-MT
5-HIAA

o
=~
DOPAC

(9
=3
5-HIAA

Current (nA)

25¢

<
0
|
-

20r
45¢

40r

DOPAC

35t

30¢

=l Lq
-

20+

HT
-MT
5-HIAA
A

|

5 10 15 20
Time (min)
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(B) rat striatal dialysate collected prior to MPP" perfusion; and (C) rat striatal
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Chapter Two Figures

Figures 2:05-2:60. Time—dependent effects of a 30 min perfusion of MPP™ (0.7 - 10.0
mM) in the absence and presence of continuous perfusion of 1.0 mM ACV into rat
striatum on dialysate levels of L-DOPA, DA, DOPAC, 5-HT, 3-MT, 5-HIAA and HVA
on day 1 and an identical perfusion on day 2. Horizontal black bar shows period during
which MPP" entered the brain. *p < 0.05; **p < 0.01 compared to basal levels measured
on day 1 or day 2. #p < 0.05 when basal dialysate concentration on day 2 was compared

to day 1. Data are mean = SEM (n = 4).

Figures 2:61-2:74. Maximum efflux of L-DOPA, DA, DOPAC, 5-HT, 3-MT, 5-HIAA
and HVA evoked by 30 min perfusions of MPP” (0.0-10.0 mM) in the absence and
presence of continuous perfusion of 1.0 mM ACV into the awake striatum on day 1 and
day 2. A significant difference between L-DOPA, DA, DOPAC, 5-HT, 3-MT, 5-HIAA
and HV A efflux versus basal efflux is indicated by *p < 0.05; ¥**p < 0.01; ***p < 0.001.
A significant difference between L-DOPA, DA, DOPAC, 5-HT, 3-MT, 5-HIAA and
HVA efflux on day 1 or day 2 compared to that evoked by the immediate lower
concentration is indicated by "p < 0.05; **p < 0.01. A significant difference between the
day 2 and day 1 efflux is indicated by "p < 0.05; *p < 0.01; ™p < 0.001. A significant
difference between L-DOPA, DA, DOPAC, 5-HT, 3-MT, 5-HIAA and HVA efflux on
day 1 or day 2 when 1.0 mM ACV was perfused before, during and after (0.0-10.0 mM)
MPP" versus to identical perfusion in the absence of ACV is indicated by “p < 0.05; *p

< 0.01. Data are mean + SEM (n = 4).
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Chapter Three

The Effects of Antioxidants and Confirmation of L-DOPA

A. Introduction

From the results in the previous chapter a compound was detected, which by use
of several HPLC-EC analysis methods, appeared to be L-DOPA. Normally, tyrosine
(Tyr; the precursor of L-DOPA) is hydroxylated by the enzyme TH to form L-DOPA.
However, L-DOPA could arise from MPP'-mediated generation of HO-*” and/or
ONOO™*!  with resultant non-enzymatic hydroxylation of Tyr. Accordingly,
microdialysis experiments were carried out in which the antioxidants SA and mannitol
(both HO- scavengers) were perfused before, during and after a 30 min perfusion of 10.0
mM MPP".

In vitro and ex vivo studies of DDC activity were conducted to provide
unequivocal evidence for the identity of putative L-DOPA observed by HPLC analysis in
microdialysis experiments. DDC is the enzyme which decarboxylates L.-DOPA to form
DA. Additionally, analysis of results from the antioxidant studies led to investigations to
explore the possibility that the neurotransmitter-like release of L-DOPA was a result of

MPP -mediated inhibition of DDC.

98



B. Experimental

1. Chemicals
Dithiothreitol (DTT), ascorbic acid, 3,4-dihydroxybenzylamine, aluminum oxide,
mannitol, SA (sodium salt), TRIS [(hydroxymethyl)aminomethane-hydrochroride (TRIS-
HCI)], sucrose, Q-mercaptoethanol, N-methyl-N-propargylbenzylamine (pargyline),
pyridoxal 5'-phosphate (PLP), 2,5-dihydroxybenzoic acid (2,5-DHBA) and 2,3-DHBA
were obtained from Sigma. Acetic acid was obtained from Fisher Scientific (Fair Lawn,
NJ).  Purified DDC was a generous gift from Professor Carla Borri-Voltattorni
(University of Perugia, Italy). The sources of all other chemicals have been described

previously.

2. HPLC-EC

HPLC-EC methods I and IV were described in Chapter Two. HPLC-EC method
V used a Rheodyne 7125 injector with a 20.0 puL sample loop. The glassy carbon
detector electrode was set at +850 mV wvs. a Ag/AgCl reference electrode. A
Phenomenex IB-SIL column (ODS-18-BD, 100 x 3.2 mm, 3 pm) was used. The mobile
phase was prepared by adding 0.85 mL DEA, 59.2 mg SOS, 187 mg Na;EDTA dihydrate
and 21.0 g citric acid monohydrate to 970 mL of deionized water. After filtration, the pH
of this solution was adjusted to 2.40 with HCIO4 and then 30 mL of MeCN and 15 mL of
MeOH were added. The flow rate was 0.35 mL/min. For all chromatography, mobile
phases were degassed by stirring under vacuum for approximately 30 min prior to use.

HPLC-EC method I was used to analyze dialysate from microdialysis experiments with
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SA and mannitol. HPLC-EC methods IV and V were employed in assays for the activity

of purified DDC and the activity of this enzyme in rat brain tissue samples.

3. Micredialysis with SA or Mannitol
Microdialysis conditions were basically the same as those described in Chapter
Two. However, in the SA and mannitol experiments, aCSF containing SA (2.5 mM) or
mannitol (100 mM) was perfused 3 h prior to, during and after perfusion of 10.0 mM

MPP™,

4. Enzymatic Confirmation of L-DOPA in Dialysates

Dialysate fractions (7.5 pl) from rat brains collected during the period when
maximal concentrations of putative L-DOPA were formed in response to perfusion of
MPP" were collected in vials maintained at 4°C which contained 0.75 pL of 4.3 mM
ascorbic acid. Dialysate from 4 rats were then pooled (170 ul) and 14.5 puL of 1 M Tris-
HCI buffer (pH 7.3) was added to give a final pH of 7.2. One fraction (74 pL) was
incubated with a solution containing purified DDC (6.0 pL of 50 mM potassium
phosphate buffer pH 6.8 containing 0.1 mM DTT and 3 pg of DDC protein) for 20 min at
20°C. A second 74 uL fraction was incubated with a solution containing heat denatured
DDC (30 min at 100°C) under otherwise identical conditions. Reactions were terminated
after 20 min by addition of 8.0 uLL of 9.1 M HCIOj, solution. The resulting solutions were
treated with 160 pL of 0.75 M Tris-HCI buffer (pH 8.8) containing 0.43 mM ascorbic
acid to give a final pH of 7.2, and then 10.0 + 0.2 mg of alumina was added. Vials were

then placed in a Vortex Test Tube Mixer (model K-500-4, Scientific Industries, Bohemia,
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New York) and shaken at the high speed setting for 10 min, then centrifuged at 12,000 x
g for 10 min and the supernatant discarded. The alumina was washed three times with
360 pL of deionized water using the same procedure. After the final wash, catechols
adsorbed on the alumina were eluted by adding 30 pL of a solution of 0.5 M acetic acid
and 0.4 M HCl in deionized water, then placed in the Vortex Test Tube Mixer and shaken
at the high speed setting for 10 min. After centrifugation (12,000 x g, 5 min), aliquots
(5.0 pL) of the supernatants from experimentals (dialysate incubated with DDC) and
controls (dialysate incubated with heat denatured DDC) were analyzed for concentrations

of L-DOPA, DA and DOPAC using HPLC-EC method IV.

Based on experiments in which rat brain dialysate samples were replaced by aCSF
containing 0.43 mM ascorbic acid, 1.71 uM DA, 0.63 pM L-DOPA and 0.63 uM
DOPAC and carried through the entire procedure described above, the recoveries (n = 16)
of DA, L-DOPA and DOPAC from alumina were 77 + 6, 72 = 5 and 63 + 5%,

respectively. In additional experiments it was found that these recoveries were not

affected by the inclusion of 10.0 mM MPP” in the original aCSF solution.

5. Assay for the Activity of Purified DDC
An 1n vitro procedure was employed to assay the activity of purified DDC and the
effect of MPP" on this activity. The assay solution contained a DDC-saturating
concentration of L-DOPA (1.5 mM), DOPAC (1.0 uM, internal standard) and ascorbic
acid (0.43 mM) dissolved in 917 pL of aCSF and 75.5 pL of 0.75 M Tris-HCI buffer (pH
7.8) to give a final pH of 7.2. Reactions were initiated by addition of 37.5 pg of DDC

protein or heat-denatured (30 min, 100°C) DDC protein in 7.5 uL of 50 mM potassium
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phosphate buffer (pH 6.8) containing 0.1 mM DTT. Aliquots (75 pL) were removed
from the reaction mixture immediately after addition of DDC protein and then at 5 min
intervals an(i added to 7.5 puL of ice-cold 9.1 M HCIOj4 solution to terminate the reaction.
Vials containing these solutions were centrifuged (14,000 x g, 20 min, 4°C) and aliquots
(5 uL) of the supernatants analyzed for concentrations of L—DQPA, DA and DOPAC
using HPLC method IV. The effect of MPP" on the activity of DDC was studied by
including 15.0 mM MPP" in the initial assay solution. Control experiments included: (1)
the above reaction mixtures (with and without MPP") with the exclusion of L-DOPA
and/or DA in the reaction mixture, and (2) delayed addition of L-DOPA and/or DA until
10 mun after the reaction was initiated. The activity of DDC wasvexpressed as nmol DA

formed/jig protein/min.

6. Effect of MPP" on Rat Striatal DDC Activity

In order to assess the effect of MPP" perfusion on the activity of DDC in vivo,
microdialysis probes were implanted in the right and left striata of rats. On the day of the
experiment, aCSF was perfused (1.5 pL/min) into the left and right striatum for ca. 3 h
until HPLC analysis (method T) of dialysates (collected at 15 min intervals) gave at least
3 consecutive constant basal levels of DA, 5-HT and their metabolites. At this point the
right striatum was perfused for 30 min with aCSF containing 10.0 mM MPP’, the left
striatum being perfused with aCSF alone. The perfusate into the right striatum was then
changed back to aCSF, which was perfused at rall times into the left striatum. After 10
min, perfusions were terminated, microdialysis probes removed and rats killed by

decapitation. Brains were removed and placed in an ice-cold BAS coronal brain matrix

102



apparatus and a 2 mm coronal slice made 0.75 mm posterior and 0.75 mm anterior to the
two microdialysis probe tracks (0.5 mm diameter). The slice was then placed on an ice-
cold glass plate and a 2 x 4 mm area of striatal tissue centered around each microdialysis
probe track was excised with a punch (constructed in this laboratory).

The activity of striatal DDC was measured under saturating conditions with
respect to L-DOPA using a modification of the method described by Hadjiconstantinou et
al.**® Briefly, excised tissue was weighed (16.0 + 0.6 mg, n = 6) and homogenized in ice-
cold 0.25 M sucrose (1.0 mg tissue/7.0 uL sucrose solution). A 10 ul sample of the
homogenate was then diluted to 40 pl. with ice-cold 0.25 M sucrose and 10 pl of this
solution was added to 200 pL of the assay mixture and incubated for 20 min at 37°C.
The assay mixture consisted of 50 mM sodium phoshate buffer (pH 7.2) containing 0.1
mM NaEDTA, 0.17 mM ascorbic acid, 1.0 mM B-mercaptoethanol, 0.1 mM pargyline,
0.01 mM PLP and 0.2 mM L-DOPA. The reaction was terminated by adding 21 uL of
ice-cold 9.1 M HCIO4 solution containing 410 pmol of 3,4-dihydroxybenzylamine
(internal standard; final concentration 1.77 pM). The pH of this solution was adjusted to
8.0 by addition of 450 pL of 0.75 M Tris-HCI (pH 8.8) containing 0.43 mM ascorbic
acid. Aluminum oxide (10.0 £ 0.2 mg) was then added to the resulting solutions,
contained in 1.5 mL polypropylene microcentrifuge tubes, in order to adsorb catechols.
The reaction vials were placed in a Vortex Test Tube Mixer and shaken at the high speed
setting for 10 min and then centrifuged for 3 min at 12,000 x g and the supernatants
discarded. The alumina was washed 3 times with 300 pl of water using the same
procedure. After the final wash, compounds adsorbed on the alumina were eluted by

adding 30 pL of a solution of 0.5 M acetic acid and 0.4 M HCI, shaking for 10 min and
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centrifuging for 5 min at 12,000 x g. Aliquots (20 uL) of the supernatant were then
analyzed for the concentration of DA using HPLC method V. The ex;craction recoveries
for DA and 3,4-dihydroxybenzylamine from alumina were 74 + 4% and 69 + 5%,
respectively. Total protein in excised tissue was determined using the Coomassie Plus

Protein Assay Reagent Kit (Pierce, Rockford, IL) using bovine serum albumin as the

standard.

C. Results
1. Effects of Antioxidants on MPP'-Induced Extracellular

Chemistry and Neurotoxicity

Coperfusion of SA (2.5 mM) and MPP" (10.0 mM) into the rat striatum resulted
in the appearance of 2,3-DHBA (Figure 3:08) indicative of extracellular and/or
intracellular HO- and/or peroxynitrite generation.241 However, the appearance of 2,3-
DHBA in dialysates was delayed such that it was first detected when the perfusion of
MPP" was discontinued (Figure 3:08). Furthermore, 2,3-DHBA appeared in dialysateé
later than L-DOPA and as extracellular DA levels were decreasing (Figures 3:01, 02,
respectively). 2,5-DHBA was also formed. However, 2,5-DHBA is not exclusively
formed by HO- scavenging by SA. Hydroxylation of SA can occur by cytochrome P450
and microsomal enzymes forming 2,5-DHBA.*"" Therefore, since 2,5-DHBA is not an
unequivocal marker of the non-enzymatic hydroxylation of SA, results bearing on this
compound are not included. Perfusion of 10.0 mM MPP" on day 1 evoked virtually the
same release of DA, L-DOPA, 3-MT and 5-HT (Table 3:01) and the same time-

dependent behavior of DOPAC, 5-HIAA and HVA in the presence of SA (Figures 3:03,
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06, 07) as in its absence (Table 3:01 and Figures 2:27, 51, 59). SA also failed to provide
any protection against the apparent dopaminergic and serotonergic neurotoxicity of MPP"
based on the fact that the day 2 perfusion resulted in greatly attenuated release of DA, L-
DOPA, 3-MT and 5-HT and attenuated basal levels of DOPAC, S-HIAA and HVA

(Table 3:01 and Figures 3:01-07).

Table 3:01. Effect of Salicylate and Mannitol on the Maximal Release of DA,
I-DOPA, S-HT and 3-MT on Day 1 and Day 2 Evoked by Perfusion
of 10.0 mM MPP" for 30 min into the Striata of Awake Rats.

Antioxidant “ maximal release (fmol/min) of ®
(concentration)  day
DA L-DOPA 5-HT 3-MT
0 1 8596 + 1268 606 + 108 324+ 110 676 £311
2 Oxxxe 6+10%* 43+ 69* 0%

(21,0,5,00Y  (9,146,0,7)"

salicylate 1 8273+1524 643 +111 316+ 78 628 + 80

(2.5 mM) 2 3+ 5% 2+ 3% 6+ 6% 0**¢
(0,0,9)° (0,0,6)" (8,0,11)7

mannitol 1 8841 +892 723 +200 283 +53 672 + 148

(100 mM) 2 Q*** 5+ 6% 7 + 6% 0*°

(0,5,11)° (11,0,10)"

“Salicylate or mannitol dissolved in aCSF at the indicated concentration were perfused
for ca. 3h before MPP" perfusion, during and for several hours after this perfusion.

’Data are mean + SEM (n > 3) for release on day 1.

“No release was observed with any animal.

“Release values for each animal perfused on day 2.

A significant difference between the day 1 and day 2 release is indicated by *p < 0.05,
**p <0.01, ***p < 0.001.
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A high concentration of mannitol (100 mM), which is believed to act eﬁcluéively
as an extracellular antioxidant,>*® also failed to affect the release of DA, L-DOPA, 3-MT
and 5-HT and the behavior of DOPAC, 5-HIAA and HVA in response to a 30 min
perfusion of MPP" on day 1. Mannitol coperfusion did not attenuate the apparent
dopaminergic and serotonergic neurotoxicity of MPP", based on a greatly reduced release
of DA, L-DOPA, 3-MT and 5-HT and attenuated basal levels of DOPAC, 5-HIAA and
HVA on day 2 (Table 3:01 and Figures 3:09-15). Therefore, the marked elevation of
extracellular L-DOPA in the rat striatum evoked by MPP" (Table 3:01), appeared to be
unrelated to the non-enzymatic hydroxylation of L-tyrosine by HO- or ONOO™ (Table
3:01 and Figures 3:01,09). This, in turn, suggested that perfusion of MPP* may mediate

the in vivo inhibition of DDC.

2. Effects of DDC on Putative L-DOPA

Dialysate containing putative ’L-DOPA was incubated with purified DDC at pH
6.8 for 20 min and the resultant solution was then treated with alumina to extract
catechols. After washing the alumina, catechols were desorbed with acid and the eluents
analyzed by HPLC-EC method IV. When carried through such a procedure but using
heat-denatured DDC, such eluents exhibited chromatographic peaks for DA and DOPAC
in addition to a peak at the same retention time as L-DOPA (Figure 3:17A). However,
when the dialysate was incubated with active DDC, chromatograms showed that the L-
DOPA peak was quantitatively transformed into DA (Figure 3:17B). These same

experiments were conducted using authentic DA, L-DOPA and DOPAC in aCSF (Figure

3:18).
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3. Effects of MPP" on the Activity of DDC In Vitro and In Vivo

The activity of purified DDC measured at pH 7.2 in the presence of a saturating
concentration of L-DOPA was 5.6 + 0.4 nmol DA formed/pg protein/min (n = 12). Heat
denatured DDC was completely unable to convert L-DOPA into DA. When L-DOPA
was not added to the incubation mixture until 10 min after the reaction was initiated with
active DDC, there was no difference in the measured activity of DDC. In experiments
where L-DOPA and DOPAC were incubated in the absence of active enzyme or with
heat denatured enzyme, there was no formation of DA. When 15.0 mM MPP" was
included with L-DOPA in the assay solution, the measured activity of purified DDC was
5.3 + 0.6 nmol DA formed/pg protein/min (n = 12). In experiments when: (1) 15.0 mM
MPP" was not added until 10 min after the incubation mixture had been started, and (2)
15.0 mM MPP" was incubated with L-DOPA then 10 min later the active DDC was
added, there was no difference in the measured activity of DDC. These results indicate
that, in vitro: (1) MPP" has no effect on the activity of DDC, (2) In the absence of DDC,
L-DOPA does not spontaneously form DA.

The possibility that DDC might be inhibited in vivo, was explored by terminating
microdialysis experiments 10 min after a 30 min perfusion of 10.0 mM MPP" into the
right striatum of rats had been discontinued. This time corresponded to the point when
extracellular concentrations of L-DOPA were highest (Figure 2:11). Tissue in the
vicinity of the microdialysis probe was then excised and, after homogenization, assayed
for the activity of DDC. Control tissue was excised from the vicinity of an identical
microdialysis probe, positioned in the left striatum, that was perfused with aCSF alone.

Both left and right striatal tissue was assayed for total protein. The activity of the DDC
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in the striatal tissue perfused with MPP" was 0.36 + 0.04 nmol DA formed/mg total
protein/20 min (n = 3) which was significantly (p < 0.001) lower than that in control

tissue, 0.86 + 0.04 nmol DA formed/mg total protein/20 min (Figure 3:16).

D. Discussion

HPLC analyses of striatal dialysate samples when high concentrations of mannitol
were perfused (before, during and after 10.0 mM MPP") revealed that this HO scavenger
failed to attenuate either L-DOPA formation (Figure 3:09 and Table 3:01) or the apparent
dopaminergic (Figure 3:10) and serotonergic (Figure 3:12) neurotoxicity induced by
MPP" (Table 3:01). These observations with mannitol, which probably acts exclusively
as an extracellular antioxidant,**® suggests that L-DOPA is not formed by the non-
enzymatic hydroxylation of Tyr by extracellular HO- and/or ONOQ™. Additionally, (from
results presented and discussed in Chapter Two), HPLC analyses of striatal dialysate
samples collected both during MPP" perfusion and after its termination were unable to
detect the presence of glutathionyl or cysteinyl conjugates of DA or DOPAC. The
presence of such compounds would be expected if MPP' mediates extracellular
generation of HO and/or ONOO’, which should oxidize released DA, GSH and Cys."*
These observations suggest that MPP" does not mediate significant fluxes of extracellular
HO- or ONOO',

SA failed to attenuate MPP"-mediated formation of L-DOPA (Table 3:01 and
Figure 3:01). Since SA is probably both an intracellular and extracellular HO- scavenger,
these results suggest that HO- and/dr ONOO" (if generated intracellularly) do not

hydroxylate Tyr to form L-DOPA. However, 2,3-DHBA is formed by the MPP"-induced
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hydroxylation of SA (Figure 3:08) which has been previously shown to be an indication
of HO-*? and/or ONOO' production.”****! The DA released by MPP" could autoxidize
and lead to formation of O, H,O; and hence HO-, which could then hydroxylate SA to
form 2,3-DHBA. However, 2,3-DHBA formation is delayed (Figure 3:08) and does not
appear until DA levels have significantly declined (Figure 3:02). In previous studies in

our laboratory'**

the extracellular rise of GSH is delayed similar to 2,3-DHBA.
Therefore, this suggests that generation of HO-/ONOO™ may occur intraneuronally and,
hence, the hydroxylation of SA to 2,3-DHBA occurs intraneuronally but not uhtil GSH is
released from neurons. SA also failed to attenuate the apparent dopaminergic and
serotonergic neurotoxicity induced by MPP" (Table 3:01 and Figures 3:02, 04).

L-DOPA first appears in dialysates toward the end of a 30 min perfusion of 10.0
mM MPP" and attains peak concentrations approximately 110 min after the perfusion is
discontinued (Figure 3:01, 09 and 2:11). At the latter time the activity of DDC in striatal
tissue in the vicinity of the microdialysis probe is significantly decreased (Figure 3:16).
A previous microdialysis study*® has shown that perfusion of high concentrations of
MPP" into the rat striatum causes only a gradual decrease of TH activity which reached
approximately 70% of control activity after 3 h, but without significant effect on TH
protein content. Thus, the MPP"-mediated inhibition of DDC appears to occur more
rapidly than the inhibition of TH, neither effect being directly related to the degeneration
of dopaminergic terminals which almost certainly occurs much later. These observations
suggest that during and immediately after MPP" perfusion, TH continues to hydroxylate
Tyr but conversion of the resulting L-DOPA to DA is blocked because of the more rapid

inhibition of DDC.
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DDC is a fairly non-selective enzyme found in neuronal and non-neuronal tissues.
The molecular mass of DDC is approximately 50 kDa and the enzyme requires PLP as a
co-factor. Previous studies on the effect of MPTP/MPP" on DDC?*%? are limited. This
seems extraordinary, since: (1) the most common form of PD treatment in humans
includes a peripheral DDC inhibitor to aid in replacement of central DA derived from
peripherally administered L-DOPA,** (2) DDC is the only enzyme which produces DA
from L-DOPA,** and (3) it has been suggested that poorly modulated or oscillating DDC
activity in remaining DA neurons of PD patients may be responsible for the on-off
fluctuations which occur with long-term replacement therapy.”’ In MPTP-treated
monkeys, the activity of DDC was found to be reduced and this reduction was
proportional to the loss of striatal dopamine levels. The latter study also found a
correlated loss of DDC activity vbetween in vivo as measured by positron emission
tomography (PET) at 3 months post MPTP administration and ex vivo striatal tissue
analysis of the same monkeys 4 months post MPTP treatment.”>° Several studies have
observed MPP™-induced reductions of DDC activity which include: (1) PC12 cells 3 and
6 days after addition of MPP*,*! (2) experiments in vifro where MPP" was added to rat
whole brain homogenates and analyzed after an incubation period of 15 min at 37°C,*”
and perhaps most significantly (3) in PET studies of PD patients when compared to age-

matched control subjects.*

There appear to be no previous reports of experiments
designed to determine the activity of DDC in experiments similar to those described here.
The rapid inhibition of DDC is not caused directly by MPP" which, in vitro, has

no effect on the activity of the purified enzyme. However, there are several indirect

mechanisms that might contribute to this rapid inhibition of DDC. For example, MPP*
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mediates intraneuronal generation of many reactive species that might rapidly inhibit
DDC. One such species is ONOO™ which appears to contribute to the MPP'-induced

inhibition of TH by nitrating tyrosine residues.'”*""*>*

DDC may similarly be
susceptible to ONOO™-mediated inhibition since it contains 15 Tyr residues,®” at least
one of which is essential for catalytic activity.”®® It may also be of relevance that the rise
of extracellular L-DOPA evoked by MPP" perfusion (Figures 3:01, 09 and 2:11) occurs
at a time when extracellular DA is rapidly declining from its peak concentrations (Figures
3:02, 10 and 2:19) presumably from the DAT-mediated reuptake of DA into dopamin-
“ergic terminals. Thus, intraneuronal O’ or ONOO,'” both implicated in the
neurotoxic mechanism evoked by MPP*, could oxidize such DA to DAQ."**'” Indeed,
in vitro studies have implicated intraneuronal oxidation of DA in the dopaminergic
neurotoxicity of MPP"."** DAQ could potentially inhibit DDC by covalent attachment to
one or more of its 12 cysteinyl residues.” Indeed, in vitro, DAQ inhibits a number of
enzymes by such a mechanism. ">

The significance of the neurotransmitter-like release of L-DOPA seen in these
microdialysis studies remains to be determined. Interestingly, L-DOPA in combination
with carbidopa is the predominant form of PD treatment.”**** In 1961, Homykiewicz
and Birkmayer reported dramatic motor function improvements in patients with PD for
several hours after i.v. L-DOPA administration.”®® Several years later in 1967, Cotzias
showed that high-dose oral L-DOPA administration resulted in a sustained reduction of
PD symptoms.”** However, even then researchers noted apparent side effects including

frequent involunatry movements (dyskinesias), motor fluctuations and mental

hallucinations.*®> By 1975, o-methyldopahydrazine (carbidopa) was commercially
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available and administered in combination with L-DOPA.*** Together, they reduced
some of the other side effects of mono-L-DOPA therapy including nausea and

anorexia.>%

Nevertheless, as current treatment stands today most PD patients will
eventually develop dyskinesias, motor fluctuations and mental aberrations. With long-
term treatment the benefits of L-DOPA/carbidopa treatment are often outweighed by the
side-effects.'”'® Throughout these past forty years there have been many who believe
that L-DOPA treatment may potentiate the damage to dopaminergic neurons.” Indeed,
L-DOPA therapy does not halt the progression of DA neuronal death.?*?2*

Until recently L-DOPA was thought to be simply an inert amino acid which acts
as a substrate for DA synthesis.*®® However, recent studies now suggest that L-DOPA
may have neurotransmitter characteristics and may yet reach legitimate neurotransmitter

status.269

Several observations support the possibility that L-DOPA may be a
neurotransmitter. For example, electrical stimulation and high K concentrations
stimulate Ca®’-dependent L-DOPA release from the cytoplasm of catecholaminergic

O Several studies

neurons possibly by excitation-secretion coupling mechanisms.*’
suggest that there may even be L-DOPA neurons®’" and receptors.””
Excitotoxicity and generation of reactive oxygen species are the two mechanisms
by which L-DOPA is proposed by many investigators to be neurotoxic.”” L-DOPA can
act as an excitotoxin, with approximately one-half the potency of Glu, through its
interaction with AMPA®” receptors. The latter receptors appear to play a role in the
striatal dopaminergic neurotoxicity evoked by MPP*."*® Micromolar concentrations of L-
DOPA have also been reported to mediate Glu release in the rat striatum with resultant

delayed neuronal death *"**%
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Several studies have shown increased levels of 2,3-DHBA after long-term
administration of L-DOPA.*"**”” In one of these studies pre-administration of 6-HDA
potentiated the production of HO-.*’® These observations suggest that chronic L-DOPA
treatment enhances HO- production and that this HO- production may be elevated in the
DA-comprimised brain. Long-term administration of L-DOPA causes a significant
reversible inhibition of complex I in rat brain, which can be prevented by antioxidants
and, thus, another indication of oxidative stress’’® Interestingly, MPTP/MPP*
administration also induces reversible inhibition of complex 1> Another common
observation in many of these investigations with long-term administration of L-DOPA is
that GSH is usually neuroprotective. These observations may be significant, Because in
the PD brain, GSH levels are decreased’®? and mt complex I activity is decreased 2!

Overall in vitro evidence points to L-DOPA being a neurotoxin,'*?7/4276.278.282,
¥ However, in vivo studies in animals and normal humans have not found degeneration

of nigrostriatal dopamine neurons to occur with chronic treatment of L-DOPA.*****’

In
one in vivo study in rats that were pretreated with 6-HDA chronic L-DOPA
administration caused a loss of DA neurons not in the SN, but in the ventral tegmental

area ipsilateral to the 6-HDA administration.”®®

The Early versus Late Levodopa
(ELLDOPA) clinical drug trial in humans was recently concluded in 2003.** This
clinical study selected 360 early diagnosed (< 2 years) PD patients with minimal clinical
symptoms who had previously been treated with < 14 days of L-DOPA/carbidopa or DA
agonists. The PD patients received various doses of L-DOPA/carbidopa or placebo for

40 weeks, followed by a 2 week period of no medication.*® The clinical signs of PD

were monitored before, during and after by physicians using the Unified Parkinson's
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Disease Rating Scale (UPDRS). The preliminary results™ suggest that L-DOPA/
carbidopa treatment (after the 2 week period of no medication) did not exacerbate clinical
symptoms of PD. However, a subset of 135 of those in the ELLDOPA trial underwent
single photon emission tomography neuroimaging studies using 2-f-carbomethoxy-3-§-
(4'-1odophenyl)tropane (B-CIT) which binds to the DAT and is used in neuroimaging as a
marker of DA neurons. Preliminary results from these neuroimaging studies may suggest
that L-DOPA/carbidopa treatment exacerbates degeneration of nigrostrital DA nerve
terminals.*® A thorough final analysis of the results from the ELLDOPA study have yet

to be published and the verdict on L-DOPA/carbidopa treatment remains controversial.
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E. Conclusion

Perfusion of the antioxidants mannitol and SA (before, during and after a 30 min
perfusion of 10.0 mM MPP") failed to attenuate formation of L-DOPA, indicating that L-
DOPA is not formed by the non-enzymatic hydroxylation of Tyr. Additionally, these
antioxidants failed to significantly attenuate the apparent dopaminergic and serotonergic
neurotoxicity induced by perfusion of 10.0 mM MPP" (as indicated by attenuated day 2
release of DA and 5-HT compared to day 1). 2,3-DHBA (indicative of HO- and/or
ONOQO' hydroxylation of SA) was observed, but not until (1) DA levels had fallen, (2) L-
DOPA release was observed (3) GSH release was observed.”"> Therefore, hydroxylation
of HO" and/or ONOO™ appear to occur intracellularly but only after GSH has been
released.

Perhaps the most interesting results were observed from experiments in which
DDC activity was significantly decreased 10 min after a 30 min perfusion of 10.0 mM
MPP" had been discontinued. In vitro, MPP" did not inhibit DDC. To the best of our
knowledge this is the first report that in vivo MPP" induces the rapid inhibition of DDC
with resultant neurotransmitter-like release of L-DOPA in the rat striatum. The reason

for this inhibition remains to be determined.
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Chapter Three Figures.

Figures 3:01-08. Effect of constant perfusion (3 hr before, during and after) of 2.5 mM
SA on the time dependent effects of a 30 min perfusion of 10.0 mM MPP" into awake rat
striatum on dialysate levels of L-DOPA, DA, DOPAC, 5-HT, 3-MT, 5-HIAA, HVA and
2,3-DHBA on day 1 and an identical perfusion on day 2. Horizontal black bar shows the
period during which MPP" entered the brain. *p < 0.05; **p < 0.01 compared to basal
levels measured on day 1 or day 2. *p < 0.05 when basal dialysate concentration on day 2

was compared to basal dialysate concentration on day 1. Data are mean + SEM (n = 4).

Figures 3:09-15. Effect of constant perfusion (3 hr before, during and after) of 100 mM
mannitol on the time dependent effects of a 30 min perfusion of 10.0 mM MPP" into
awake rat striatum on dialysate levels of L-DOPA, DA, DOPAC, 5-HT, 3-MT, 5-HIAA
and HVA on day 1 and an identical perfusion on day 2. Horizontal black bar shows the
period during which MPP" entered the brain. *p < 0.05; **p < 0.01 compared to basal
levels measured on day 1 or day 2. "p < 0.05 when basal dialysate concentration on day 2

was compared to basal dialysate concentration on day 1. Data are mean + SEM (n = 4).
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Figure 3:17. HPLC-EC chromatograms of pooled dialysates from
4 rats collected for 26 min after a 30 min perfusion of 10.0 mM
MPP" was terminated (A) One fraction of this dialysate was
incubated for 20 min at pH 6.8 with heat denatured DDC. Then
catechols were extracted by adsorption onto alumina. After
washing alumina, catechols were acid eluted and an aliquot (5.0
uL) of the eluent was analyzed by HPLC-EC method IV. (B) A
second identical fraction of the dialysate was carried through the
same procedure as (A) except active purified DDC was employed.
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Chapter Four

Analysis of Other Animal Models of Neurodegeneration & Parkinson’s

Disease and Markers of Reactive Oxygen and Nitrogen Species

A. Introduction
1. General

In the work described in previous chapters, perfusions of > 0.7 mM MPP" evoked
a significant, but transient release of L-DOPA. Furthermore, it was found that at the time
of maximum L-DOPA efflux, DDC was significantly inhibited. Another animal model of
PD,” MA was administered to rats in microdialysis experiments similar to those
previously described with MPP™. The mechanisms of neurotoxicity and resulting effects
of MA administration are very similar to those induced by MPP". The reasoning behind
this was to ascertain if the formation of L-DOPA was limited to the MPP", and therefore,
not necessarily relevant to PD in humans. Once the results of the MA studies were
analyzed, revealing neurotransmitter-like release of L-DOPA, MDMA was administered
in similar microdialysis experiments. MDMA differs from MA and MPP", in that in rats

and most other species it is a selective serotonin neurotoxin, >

and therefore, not
necessarily considered an animal model of PD. However, many of the same factors that
appear to be involved in the neurotoxicity mediated by MA and MPP" are also involved

in MDMA-mediated neurotoxicity. The reasoning here was to determine if L-DOPA

release occurred in a rat model that is much less toxic to dopaminergic neurons. One of

127



the differences between MPP'/MA neurotoxicity and MDMA is the latter does not lead -
to dopaminergic cell death in rats except at very high doses.*> Both of these series of
experiments employing MA and MDMA were preliminary, consequently, in-depth
descriptions of previous reports and possible mechanisms of neurotoxicity will not be
presented. However, several reviews are available *>%*

In additional preliminary studies, dialysate from rats perfused with 10.0 mM
MPP", was analyzed for possible extracellular markers of ROS and RNS. Both ROS and
RNS have been implicated in the mechanisms of neurotoxicity induced by MPP* 2%24.27
MA,?*** and MDMA,*® and probably play a critical role in the pathogenesis of PD.*"!
Extensive analysis was not conducted in this area either. Nevertheless, inclusion of this

work certainly is appropriate, for the results, though minor, may provide some further

insights into the mechanism of MPP"-induced neurotoxicity.

| 2. Methamphetamine

MA was first synthesized in 1919 by a Japanese chemist (Ogata) who was
working on developing a replacement for the decreasing supply of naturally-occurring
ephedrine which was used to treat asthmatics. Ogata produced D-phenylisopropyl-
methylamine which became known as MA. Both MA and amphetamine in the 1940’s
were prescribed for the treatment of various disorders including sinus problems, fatigue
(especially for WWII soldiers) and schizophrenia. By 1970, MA was classified as a
schedule II drug and, therefore, as a potentially potentially dangerous and addictive
substance. Over the past ten years, MA has become one of the most frequently used

drugs of abuse, especially in the mid-western United States where chemicals for its
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synthesis (liquid ammonia, sodium, ephedrine and tetrahydrofuran) are readily

available 3%

OH
Condensed !iquid
ammonia in
CHj dry-ice bath, CHj
sodium metal
HN ’ HN
~ CHs THF \CH3
ephedrine methamphetamine

Figure 4:01. “Street” synthesis of methamphetamine.

Unfortunate for drug abusers, but fortunate for those studying neurodegeneration,
MA is another drug which, when administered to animals (rodents and non-human
primates), serves as a model of PD.” Single'® or multiple injections'*' of MA result in:
(1) decreased levels of DA, DOPAC, HVA (in the striatum) and 5-HT (in the striatum

and additional areas of the brain);'*?

(2) perturbation of amino acids (especially Glu
elevation);'? (3) decreased TH and THP activity;'** (4) inhibition of MAO;'> (5)
decreased DA and 5-HT uptake;'*” and (6) axonal and terminal dieback of DA'*® and

5-HT neurons.'®

0
B39 and

MA administration induces a 2-3°C temperature increase in animals
humans.”®' The explanation for the MA-induced hyperthermia remains speculative and
controversial. The primary purposes of these MA microdialysis experiments were to: (1)

observe if there was release of L-DOPA, (2) look for formation of unknown compounds,

(3) monitor the extracellular concentrations of DA, 5-HT and their metabolites, and (4)
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monitor hyperthermia and possibly correlate the temperature changes to chemical

changes.

3. MDMA
MDMA (‘ecstasy’) has been a popular drug of abuse for the past 20 years, and is
a common recreational drug at many dance clubs and all-night rave parties.’” However,
MDMA, a phenethylamine structurally related to MA, is another drug used to study
specifically, serotonergic neurotoxicity in rats and other species and dopaminergic

neurodegeneration in mice.”!

H
Figure 4:02. N
'ecstasy'; s
3,4-methylenedioxy- CH
methamphetamine O ’

304

22 or repeated doses

Single of MDMA in rats cause characteristic changes (similar to
MPP" and MA) in 5-HT, and to a lesser extent in DA.***?%7 MDMA induces 5-HT axon
terminal damage (as seen by immunohistochemistry),*®® attenuates 5-HT*” and DA

310

uptake®® and causes long-term decreases in 5-HT and 5-HIAA content in rats>” and non-

human primates.>'!

Similar to MA, administration of MDMA evokes a 2-3°C rise in body and brain
© temperature.>'? Interestingly, in mice, the effects of MDMA administration are quite
different. MDMA does not cause 5-HT neurotoxicity in mice, instead, is a dopaminergic
neurotoxin.’”®> That is, in mice, after administration of MDMA there is long-term damage
to DA terminals, decreased levels of DA and DOPAC, yet the serotonergic system

recovers after a period of seven days without evidence of 5-HT neurotoxicity.’'* Many
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aspects of the mechanisms of MDMA neurotoxicity also remain to be determined. The
purpose of MDMA microdialysis experiments was to: (1) observe if there was release of
L-DOPA, (2) look for formation of unknown compounds, (3) measure the extracellular

concentrations of DA, 5-HT and their metabolites, and (4) monitor hyperthermia.

4. Reactive Nitrogen and Oxygen Species (RNS and ROS)

a. HPLC -UV & -Photo Diode Array

HPLC-EC was employed to analyze dialysate samples in the vast majority of all
experiments conducted in this entire project. However, EC detection proved to be
unacceptable for analysis of possible markers of extracellular RNS and ROS generation
evoked by MPP" and the other neurotoxins. For example, to obtain a reasonable
detection limit for standard 3-nitro-Tyr, potentials around +1.3 V (vs. a Ag/AgCl
reference electrode) were necessary. However, at this potential, the selectivity of
oxidation was lost and a large number of unknown endogenous compounds contained in
rat brain dialysate respond, making identifications and efficient separations virtually
impossible. Previous analysis of 3-nitro-Tyr with EC detection has been conducted. In

these reports, compounds were detected employing coulometric®"

and multiple (= 8)
electrode®'® techniques. HPLC-EC employed in this laboratory is strictly amperometric
with single or dual electrodes. HPLC -UV and -PDA methods were developed, providing
extremely low detection limits. The HPLC-PDA system was particularly exciting for

numerous reasons. One of these being that compounds detected in dialysate could not

only be identified based upon tg and co-elution with added standard but in addition,
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characteristic UV spectra can be collected and correlated with the UV spectra of standard

compounds.

b. 3-nitre-Tyr and 4-nitrophenylalanine (4-nitro-Phe)

ROS and RNS probably play pivotal roles in the neurotoxicity triggered by
MPP* 17 MA®5%? and MDMA®® and in PD.*®! 05 is one such ROS, which by itself
is not highly reactive.** However, under conditions of impaired ATP-production (e.g.
MPP*-induced),'* NMDA receptors can be activated by normal basal levels of Glu,
resulting in an influx of Ca®*.*" This influx of Ca*" leads to not only production of
0,~,'" but activation of nNOS, resulting in NO-, ONOO™ and HO- formation **™>!?
ONOO " and HO- are highly reactive and can directly cause neurotoxic effects. Over-
production of Oy can promote HO- generation through Fenton chemistry and the metal
catalyzed Haber-Weiss reaction by reducing transition metals (especially, iron) and

dismuting to form H,0,.**

M" +0;- - M" ' +0, Reaction 4:01.
_ sop .
20, > 0,+H,0, Reaction 4:02.
2H"
M" 7V +H,0, - M™+HO- +HO" Reaction 4:03,
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The significance of these reactions are exemplified by elevated levels of nonheme iron in
the SN, of PD patients.*

O, also reacts at the diffusion limit with NO- to produce ONOO'.

0;-+NO- — ONOO” Reaction 4:04.

ONOQ " is able to nitrate both free Tyr (in vitro) and protein-bound Tyr residues to form
3-nitro-Tyr.>’  Elevated levels of protein-bound 3-nitro-Tyr have been found in
autopsied PD brains.*® Protein bound 3-nitro-Tyr has been detected in the brains of
MPTP/MPP" -treated animals.>>’ ONOO ~ can also nitrate Phe to form 4-nitro-Phe. HO-

and/or ONOO' can also hydroxylate Phe to form o-, m- and p-Tyr.**’

B. Experimental
1. Drugs and Chemicals

S(+)-MA (hydrochloride salt) was obtained from Research Biochemicals
International (RBI, Natick, MA). S(+)-MDMA (hydrochloride salt), 3-nitro-Tyr, 4-nitro-
Phe, DL-3-(2-hydroxyphenyl)alanine (o-tyrosine; o-Tyr), and DL-3-(3-hydroxyphenyl)-
alanine (m-tyrosine; m-Tyr) were obtained from Sigma (St. Louis, MO). Sodium
Chloride Injection (0.9%) USP (Saline) was obtained from Rhone Merieux (Athens, GA).
Phosphoric acid was obtained from Mallinckrodt (Paris, KY). Potassium phosphate
ménohydrate (KH;PO4) was obtained from EM Science (Gibbstown, NJ). The sources of

all other drugs and chemicals have been described previously.
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2. Animals

Animal surgical procedures described in Chapter Two were followed for
experiments when MPP" was perfused. For experiments when MA and MDMA were
administered, guide cannula were stereotaxically implanted into both the right and left
striata as described in Chapter Three. On the day of the experiment, the guide cannula in
the right striatum was replaced by a CMA 12 (4 mm tip) probe with the tip positioned 7.4
mm below dura. The left guide cannula was replaced with a Teflon-coated
copper/constantan temperature pfobe (Type T, Physitemp Instruments, Clifton, NJ) with
the tip positioned 7.4 mm below dura. Brain temperature was monitored using a

Physitemp Thermalert TH-8.

3. Microdialysis Procedure to Monitor Biogenic Amines and

Possible Markers of ROS and RNS.

Microdialysis procedures to determine biogenic amines and markers of ROS/RNS
using MPP” were identical to those described in Chapter Two. However, in microdialysis
experiments designed to search for o-and m-Tyr, 3-nitro-Tyr and 4-nitro-Phe, dialysate
vials did not contain any pre-added HCIl, which may lead to decomposition of nitrite to
form NO- at pH < 3.*°*?! HPLC (-UV and -PDA) analysis often required larger volumes
of dialysate (than the 7.5 pL collected) in order to achieve required detection limits and,
hence, when necessary collecfed fractions were pooled.

For experiments with MA or MDMA, aCSF was perfused via a microdialysis
probe into the right striatum. MA and MDMA solutions were prepared in sterile saline <

15 min before administration. MA (30 mg free base/kg, ca. 450 uL, i.p.) or MDMA (15
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mg free base/kg, ca. 450 pL, i.p.) were administered at a time when the concentration of
DA, 5-HT and their metabolites in dialysate samples had reached constant basal levels.
During microdialysis experiments the brain temperature was recorded every 15 min
during collection of basal levels and every 5 min after administration of MA or MDMA.
After MA or MDMA administration, two plastic bags containing crushed ice were placed
in the bottom of the Raturn bowl when the brain temperature of rats reached 41.5°C.
This ice was removed when the brain temperature had declined to 40.0°C. Plastic sheets
of bubble-wrap packing material were employed to cover the top of the Raturn bowl in
order to keep animals contained within the bowl and reduce damage to the microdialysis

tubing and temperature probes due to excessive MA- and MDMA-induced hyperactivity.

4. In vitro experiments with DDC and MA
In experiments to determine the effect of MA on DDC activity in vitro, 15.0 mM
MA (free base final concentration) was included in the assay mixture. The details of this

procedure are explained in the Experimental Section of Chapter Three where MPP" was

employed.

5. HPLC
a. EC Detection for MA and MDMA Experiments

HPLC-EC method I (described in Chapter Two) was employed for microdialysis

experiments with MA or MDMA.
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b. UV and PDA detection methods for analysis of L-DOPA, DA, 5-HT,

their normal metabolites, 0 and m-Tyr, 3-nitro-Tyr, and 4-nitro-Phe.

HPLC-UV method I was used to analyze dialysate fractions for DA, 5-HT, their
normal metabolites, o- and m-Tyr, 3-nitro-Tyr and 4-nitro-Tyr, and to continue the search
for glutathionyl and cysteinyl conjugates of DA and DOPAC. This method employed a
BAS 200B HPLC system equipped with a Phenomenex IB-SIL column (ODS-18-BD,
100 x 3.2 mm, 3 pm), a Rheodyne 7125 injector with a 20.0 pL sample loop and a BAS
model UV-116AUV-VIS dual detector set at A; = 280 nm and A, = 365 nm. The mobile
phase was prepared by adding 0.85 mLL DEA, 59.2 mg SOS, 187 mg Na;EDTA dihydrate
and 21.0 g citric acid monohydrate to 970 mL of deionized water. After filtration, the pH
of this solution was adjusted to 2.40 with HCIOy4 (ca. 9.1 N) and then 30 mL of MeCN
and 15 mL of MeOH were added. The flow rate was 0.40 mL/min. For all
chromatography, mobile phases were degassed by stirring under vacuum for approx-
imately 30 min prior to use.

HPLC-PDA method I was also used to analyze dialysate fractions for DA, 5-HT,
their normal metabolites, o- and m-Tyr, 3-nitro-Tyr and 4-nitro-Tyr, and to search for
glutathionyl and cysteinyl conjugates of DA and DOPAC. This method employed a
Dionex (Houston, TX) P680A LPG Low Pressure Quaternary Gradient Analytical Pump
System and an integrated online degasser equipped with a Phenomenex Nucleosil

reversed phase column (ODS-18-BD, 250 x 4 mm, 120 A, 5 pm particle size),
Phenomenex guard column (ODS-18, 4 x 3 mm, 120 A, 5 um particle size), a Dionex

model 585 column oven (set at 40°C) and a Dionex UVD 340U UV-Vis photodiode. The

PDA detector was set to monitor four wavelengths (216, 225, 276, and 356 nm) and the

136



photodiode scan range was from 200-600 nm. Vials containing dialysate fractions were
loaded into a Dionex ASI-100T refrigerated autosampler (4°C) equipped with an in-line
variable volume injector. Injection volumes were typically 30.0 ul.. The mobile phase
was prepared by adding 6.80 g KH,PO, and 80 mL MeOH to 920 mL of deionized water.

After filtration, the apparent pH of this solution was adjusted to 3.15 with phosphoric

acid. The flow rate was 0.8 mL/min.

C. Results
1. Effects of MAA on dialysate levels of L-DOPA, DA, S-HT
and their normal metabolites

A single 30 mg/kg, i.p. dose of MA, previously shown to be neurotoxic in

120,122
rats,

induced significant hyperthermia (Figure 4:03) and an almost immediate
release of DA (Figure 4:05). The maximum release of DA was approximately one-fourth
that induced by perfusion of 0.7 mM MPP" (Table 4:01). MA also induced a rise of L-
DOPA (Figure 4:04), the maximum release being approximately one-third that caused by
perfusion of 0.7 mM MPP" (Table 4:01). Injection of MA induced a fall of dialysate
levels of DOPAC, an immediate rise of 5-HT and delayed rise of 3-MT, then a time-
dependent decline of the latter two (Figures 4:06-08, respectively) with temporal profiles
similar to those evoked by MPP". However, the maximum 5-HT release was 3 times
larger than that caused by perfusion of 0.7 mM MPP". Interestingly, dialysate levels of
5-HIAA (Figure 4:09) and HVA (Figure 4:10) did not change greatly from basal levels

following MA injection. HPLC-EC (method 1) analysis of rat striatal dialysates after

administration of MA did not detect the presence of glutathionyl or cysteinyl conjugates
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of DA or DOPAC. In vitro studies revealed that MA (15.0 mM) had no effect on DDC

activity.

Table 4:01. Effect of MA, MDMA and MPP" on the maximal release of DA,
L-DOPA and 5-HT. Data are mean + SEM (n > 4) for release.

Drug Administered Maximal release (fmol/min) of:
DA L-DOPA 5-HT P4/5 gy ratio
MA 938 £331 35+15 150 +76 6.2
(30 mg/kg; i.p.)
MDMA 274 + 100 19+4 97 £ 49 2.8
(15 mg/kg; i.p.)
MPP* 3920 + 449 96 + 32 47+13 83.4
0.7 mM
(30 min perfusion)

2. Effect of MDMA on dialysate levels of L-DOPA, DA, 5-HT

and their normal metabolites

The results from experiments employing MDMA were similar to those from
perfusion of MPP” and administration of MA. A single 15 mg/kg, i.p. dose of MDMA,
previously, shown to be neurotoxic in rats,””> induced significant hyperthermia (Figure
4:11) and relatively small release of DA (Figure 4:13). The maximum release of DA
was approximately one-third that caused by administration of MA (Table 4.01). DA
release was delayed, (compared to MA and MPP" experiments) reaching peak levels 55

min after MDMA administration (Figure 4:13). MDMA also induced a rise of
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extracellular L-DOPA (Figure 4:12), the maximum release being approximately one-half
that caused by administration of MA (Table 4:01). Injection of MDMA induced a fall of
dialysate levels of DOPAC, an immediate rise of 5-HT and delayed rise of 3-MT, then a
time-dependent decline of the latter two (Figures 4:14-16, respectively). waever, the
maximum 5-HT release by MDMA was twice that caused by perfusion of 0.7 mM MPP"
| (Table 4:01). As with MA, dialysate levels of 5-HIAA and HVA did not change greatly
from basal levels, following MDMA injection (Figures 4:17, 18). HPLC-EC (method I)
analysis of rat striatal dialysates after administration of MDMA did not detect the
presence of glutathionyl or cysteinyl conjugates of DA or DOPAC.

An additional experiment was conducted to confirm that L-DOPA was present in
dialysates from MDMA-treated rats. A chromatogram of a standard mixture of DA, 5-
HT and their normal metabolites is shown in Figure 4:19A. Dialysate collected between
55-110 min post-MDMA administration (period when putative L-DOPA peak was at its
rhaximum) was pooled and one-half was analyzed using HPLC-EC method I, as depicted
in Figure 4:19B. The chromatogram shown in Figure 4:19C is from the remaining
dialysate, in which standard L-DOPA was added to approximately double the putative L-
DOPA peak. These figures indicate putative L-DOPA co-eluted with standard L-DOPA
and the peak height was increased proportional to the amount of added standard L-

DOPA.
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3. HPLC (-UV) & (-PDA) search for possible extracellular markers of
RNS/ROS: o-and m-Tyr, 3-nitre-Tyr, 4-nitro-Phe.
It has been shown and proposed that elevated ROS and RNS are generated during

experiments with MPTP/MPP* >*™!" Possible extracellular markers of ROS and RNS

319

generation may include o- and m-Tyr, 3-nitro-Tyr and 4-nitro-Phe. Microdialysis

experiments were conducted in which 10.0 mM MPP" was perfused into the striatum of
freely moving rats. Initial work was conducted employing HPLC-UV method I. It was
eventually determined that the detection limits (3 times peak-to-peak noise) for o- and m-
Tyr, 3-nitro-Tyr and 4-nitro-Phe were probably not acceptable. With a 20.0 pL sample
loop, nanomolar detection limits (mean £ SEM; n = 16) employing HPLC-UV method I
were as follows: m-Tyr (145 * 13), o-Tyr (230 % 13), 3-nitro-Tyr (187 + 14), and 4-nitro-
Phe (143 = 11). However, HPLC-PDA has been employed in a recent study and 3-5 nM
(30 puL sample volume) detection limits were reported for o- and m-Tyr, 3-nitro-Tyr and
4-nitro-Phe.*"® In studies presented here, using HPLC-PDA method 1, detection limits for
o- and m-Tyr, 3-nitro-Tyr and 4-nitro-Phe were ca. 30-52 nM with a 30.0 plL sample
volume. The detection limits (3 times peak-to-peak noise; nM + SEM; n = 16) at
maximum absorption A (nm) for each compound were as follows: m-Tyr (45.6 = 6.9), o-
Tyr (48.6 = 7.3), 3-nitro-Tyr (30.6 £ 3.6) all three at A = 216 nm, and 4-nitro-Phe (51.8 +
8.4 at A = 265 nm). However, at no time before, during or after perfusion of MPP" were
hydroxylation or nitration products of Tyr or Phe detected in dialysate collected from rats
perfused with MPP". This is not an indication these previous reports’” may be incorrect.
It merely indicates that at the detection limits available with HPLC (-UV method I and -

PDA method I) 0- and m-Tyr, 3-nitro-Tyr and 4-nitro-Phe were not detected.
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D. Discussion

Elevation of extracellular L-DOPA is not specific to MPP" since both MA
(another dopaminergic neurotoxin)’ and MDMA (a serotonergic neurotoxin in rats),”’
also evoke a similar effect (Figures 4:04, 12, respectively). In vivo studies on the
activity of DDC following MA or MDMA administration were not carried out. However,
it seems reasonable to propose a similar inhibition occurs during the period of L-DOPA
release evoked by MA and MDMA. The levels of DA and L-DOPA efflux mediated by
MA and MDMA are greatly attenuated compared to those induced by minimally
neurotoxic concentrations of MPP", and thus, the DDC inhibition is not proposed to be as
extensive. An obstacle to determining the in vivo activity of DDC in the MA and
MDMA experiments, is that unlike the MPP+-perfused animals, MA and MDMA
administration evokes extreme behavioral modifications, making animal handling
extremely difficult. In fact, these experiments usually required constant observation and
intervention to insure that the microdialysis tubing and probe did not become damaged
from the hyperactivity induced by MA- and/or MDMA. Measuring DDC activity at the
time of maximum L-DOPA release happens to correspond to the time of maximum
hyperactivity.

The attenuated release of DA by both MA and MDMA (Table 4:01), compared to
that mediated by a minimally neurotoxic dose (0.7 mM) MPP" is probably a result of
DAT inhibition.** The MA- and MDMA-induced maximum efflux ratios of /syt are
greatly attenuated compared to this same ratio induced by MPP'. MA is proposed to

enter neurons through the DAT, and if inhibited, DA release (through the reversed DAT)

into the extracellular fluid, would be subsequently decreased. To the best of our
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knowledge, there have been no reports of MPTP/MPP-induced DAT inhibition. MDMA
is a substrate for the serotonin transporter (SERT) but not the DAT. MDMA enters DA
neurons by passive diffussion, a much slower process. Indeed, support for MDMA as a
selective serotonergic neurotoxin is shown by the delayed maximum release of DA
(compared to both MA and MPP" experiments; Figures 4:05 and 2:19, respectively),
which does not occur until 55 min after MDMA administration (Figure 4:13), and 40 min
after 5-HT maximal release (Figure 4:15). This indicates that MDMA enters serotonergic
neurons before and more efficiently than dopaminergic neurons. Additionally, the ®/s.ur
ratio induced by MDMA is one-half that induced by MA (Table 4:01), therefore, it
follows that the MDMA-induced >"%/ps ratio is twice that induced by MA. The
increased *'/p, ratio induced by MDMA (compared to MA) is another indication of the
selectivity of MDMA for the serotonin transporter.

Similar hyperthermic responses were observed in both MA and MDMA treated
animals. In initial investigations, animals were unable to survive the entire length of the
experiment when they did not receive intervention (with ice) to halt hyperthermia. A
crucial aspect of these studies was employing bags of ice to modulate the temperature of
the rats. The possible explanation for MA/MDMA induced hyperthermia and its
relevance remain speculative. Despite decades of MA and MDMA research, until

recently, the role of hyperthermia had been virtually ignored.
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E. Conclusion

The experiments with MA and MDMA indicate L-DOPA formation/release is not
limited to the MPP™ model of PD. This is significant for several reasons: (1) L-DOPA

273

can act as an excitotoxin by interaction with AMPA receptors,”” (2) Glu release can be

mediated by micromolar concentrations of L-DOPA with subsequent delayed neuronal

275
death,r"”

(3) the neurotransmitter-like release of L-DOPA may occur in PD, and (4)
perhaps most significant, L-DOPA administration is the most common form of treatment
for PD and this treatment is suspected of exacerbating nigrostriatal neurodegen-
eration.””" Indeed, the extracellular rise of L-DOPA mediated by MPP', MA and
MDMA suggests that L-DOPA may be an early event in idiopathic PD.

Nevertheless, MPTP/MPP", MA and MDMA -induced neurotoxicity have well
established similarities and the neurotransmitter-like release of L-DOPA is certainly an
important addition. The implications of these findings remain to be determined, yet, may
at least prove beneficial in determining the source and mechanism for the

formation/release of L-DOPA and could provide insight into the mechanisms involved in

the damage induced by these neurotoxins.
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Chapter Four Figures.

Figures 4:03-4:10. Time-dependent effects of administration of 30 mg/kg (1.p.) MA on
rat striatal brain temperature and striatal dialysate levels of L-DOPA, DA, DOPAC, 5-
HT, 3-MT, 5-HIAA and HVA. Horizontal black bar shows the period during which
MPP" entered the brain. *p < 0.05; **p < 0.01 compared to basal levels. Data are mean

+ SEM (n = 6).

Figures 4:11-4:18. Time-dependent effects of administration of 15 mg/kg (i.p.) MDMA
on rat striatal brain temperature and striatal dialysate levels of L-DOPA, DA, DOPAC, 5-
HT, 3-MT, 5-HIAA and HVA. Horizontal black bar shows the period during which
MPP" entered the brain. *p < 0.05; **p < 0.01 compared to basal levels. Data are mean

+ SEM (n = 4),
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Chapter Five

Microdialysis Study of MPP'-Induced Alterations in

Extracellular Amino Acid Levels

A. Introduction

The function and characteristics of amino acids in PD and animal models of PD
(MPTP/MPP" and MA) has been investigated in only a few previous studies.*”>** The
analysis of GSH and Cys in dialysate from rats perfused with various concentrations of
MPP" (in the presence and absence of ACV) have been discussed in Chapters One and
Two. In this section experiments are presented which examined effects of perfused
MPP" on extracellular concentrations of Glu, Asp, Gly and Tau (Figure 5:01) employing
microdialysis in freely-moving rats and the effects of ACV on the extracellular amino
acid levels. A rise of extracellular Glu has been implicated in the dopaminergic
neurotoxicity of MPTP/MPP'" and MA.''* However, the source of this Glu is
unknown and the effects of those neurotoxins on other amino acids has not been studied.
One possibility is that the y-GT/ApN-mediated degradation of released GSH might result
in the rise of extracellular Glu induced by MPTP/MPP" and MA.

Initial studies were designed especially to monitor the efflux of Glu and Gly to
ascertain whether y-GT hydrolyzed released GSH. In previous microdialysis experiments

conducted in our laboratory, a 30 min perfusion of 2.5 mM MPP" invoked a delayed rise

of extracellular GSH and Cys. In identical experiments with MPP" in the presence of a
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constant perfusion of 1.0 mM ACV, there was an increase in the maximum rise of
extracellular GSH and an attenuated rise of extracellular Cys (compared to the
experiments conducted in the absence of ACV), suggesting Cys originated from GSH.*P
Thus, it was anticipated that a constant perfusion (before, during, and after MPP") of
ACV contained in the aCSF would inhibit y-GT, resulting in an attenuated MPP"-induced
efflux of Glu and Gly (compared to experiments when ACV was not coperfused). This
would be expected if the hypothesized source of Glu and Gly was from the y-GT-
mediated hydrolysis of GSH.

Glu and Asp exert their physiological effects by acting on various receptors in the
central nervous system (CNS). Two major classifications of recepto;s are the 1onotropic
(further divided into NMDA, AMPA/kainate), and the metabotropic receptors. However,
Asp does not activate AMP A/kainate receptors. While the roles of all of these receptors
(in relation to neurodegeneration) have been studied (with a recent surge of interest in

Glu metabotropic receptor function),”> %

the NMDA receptor has been most extensively
investigated. The NMDA receptor contains a Glu and a Gly binding site, both required
for activation (co-agonists). However, at normal physiological conditions Mg”" blocks
the calcium channel of the NMDA receptor. Under conditions where the membrane is
depolarized (e.g., inhibition of mitochondrial complex 1 activity resulting in decreased
ATP production induced by perfusions of MPP") the Mg”" blockade is removed and the
binding of Gly and Glu (or Asp) activates the NMDA receptor and induces Ca® (and
Na') influx. The release of Mg”" is really a graded process, the greater the depolarization

(loss of membrane potential) the more Mg is released and, hence, the lower the

concentration of Glu required to cause activation. The Ca®" influx is believed to be one
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of the primary factors leading to neuronal death by mechanisms addressed in the
discussion below. Therefore, many studies have employed numerous agonists and
antagonists of the NMDA receptor (and the other “Glu” receptors) to provide insights
into the neurotoxicity of MPP” (and MA) and to explore the possibility of

neuroprotective strategies for idiopathic PD in humans.*****!

326,332 and

Decreased levels of Tau have been observed in CSF of PD patients,
hence, the investigations presented here, were designed to monitor changes in dialysate
concentrations of Tau. Additionally, hyperosmolarity due to an influx of Na’ and maybe
MPP" could result in the release of Tau (along with Glu and Asp) from astrocytes.

While there have been fairly limited studies concerning Tau, its functional roles may be

N .. e 333
as an osmoregulator, inhibitory neuromodulator, antioxidant and membrane stabilizer.

B. Experimental
1. Chemicals and Drugs

L-Glutamic acid (Glu), L-aspartic acid (Asp), L-glycine (Gly), Tau and NN-
dimethylacetémide were obtained from Sigma (St. Louis, MO). A microbore amino acid
analysis reagent kit (CF-2102) was obtained from BAS. This kit contained: (1) diluent A
(borate/methanol buffer, pH 8.8); (2) diluent B (methanol); (3) reagent A (a mixture of o-
phthalaldehyde, boric acid, 2-methyl-2-propanethiol and NaOH); (4) reagent B
(1odoacetamide); and (5) a 2.5 mM stock solution of 20 amino acids dissolved in 0.1 M
HCl containing L-alanine (Ala), 4-aminobutyric acid (GABA), L-arginine (Arg), L-
asparagine (Asn), L-glutamine (Gln), L-histidine (His), L-isoleucine (lle), L-leucine

(Leu), L-lysine (Lys), L-methionine (Met), L-phenylalanine (Phe), L-serine (Ser), L-
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threonine (Thr), L-tryptophan (Trp), L-tyrosine (Tyr), L-valine (Val), Glu, Asp, Gly and
Tau. This kit was stored at -20°C. The sources of all other chemicals have been

described previously.

2. Animals and Surgery
Details of rats and surgical procedures were described in Chapter Two. For all
microdialysis experiments conducted to analyze amino acids, only one guide cannula was

surgically implanted into rats. Hence, microdialysis experiments were conducted in one

side of the striatum.

3. Microdialysis

On the day of experiments using MPP", a microdialysis probe (CMA 12, 4 mm
membrane) was placed in a solution of Glu, Asp, Gly and Tau (each at 2.5 uM dissolved
in 10 mM HCI) and perfused with aCSF at a flow rate of 1.5 uL/min using a CMA 100
microinfusion pump and gastight 1000 pl syringe (Bee Stinger, model MD-0100; BAS).
Dialysate was perfused through lengths of BAS Teflon and/or PEEK tubing (0.65 mm
OD. x 0.12 mm ID.) and collected in CMA 300 pL plastic vials in a CMA 170
refrigerated (4°C) microfraction collector. To determine probe recovery, six vials were
collected for 10 min each (15 pL) and the last 3 collections were analyzed by HPLC-EC
method VI. At least 3 separate aliquots of the original amino acid mixture were also
analyzed by HPLC-EC method VI. Chromatograms of the recovered dialysate amino
acid fractions were compared to the standard amino acid chromatograms and a recovery

percentage was calculated. Typical probe recoveries were calculated as percentage of
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standard = SEM, n = 30: Glu (20.8 + 4.0), Asp (28.0 + 5.6), Gly (29.8 + 4.4) and Tau
(26.5 £ 6.1). These recoveries were correlated to the DA recovery discussed in Chapter
Two. After establishing a probe recovery relationship between DA and these amino acids
(approximately n = 30), amino acid probe recovery was no longer conducted before and
after every experiment. Instead, that a probe recovery was satisfactory was based on the
DA recovery percentage, since this required a much shorter time for determination.
Acceptable DA recoveries were from 20-27 %, corresponding to acceptable amino acid
probe recoveries. Typically, probes were found to be within the acceptable DA recovery
range for 2-3 experiments.

Once an acceptable probe recovery had been achieved, the dummy probe was
removed from the guide cannula (in the animal) and replaced by the microdialysis probe
with the tip positioned 7.4 mm below dura. Throughout microdialysis experiments, rats
were attached to a tether in a bedding-lined BAS Raturn, were able to move freely, and
had free access to food and water. In these experiments the first and alternate fractions
collected were used for amino acid analysis and the other fractions being analyzed for
biogenic amines and possible glutathionyl and cysteinyl conjugates of DA and DOPAC
(as described in Chapter Two). Dialysate samples destined for amino acid analysis were
capped with septa and frozen (-80°C) immediately after the microdialysis experiment.

Basal dialysate levels of Glu, Asp, Gly and Tau were determined in fractions
collected at 15 min intervals (22.5 pl). After analysis of these dialysates gave at least
three consecutive constant (basal) levels of these amino acids (ca. 3 h; e.g., + 10 % for
Glu), a BAS Uniswitch Syringe Selector switched the perfusion solution to aCSF

containing MPP" (0.7, 1.3, 2.5 or 10.0 mM) for 30 min after which the perfusate was
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switched back to aCSF alone. Upon initiation of MPP" perfusion, dialysate samples were
collected at 5 min intervals (7.5 pL) for 3 h and subsequently at 10 min intervals (15 ul)
for at least another 3 h. In all these studies, an identical microdialysis experiment was
carried out on the same animal 24 h afier the initial experiment. In an identical series of
experiments, 1.0 mM ACV was included in the aCSF (and the aCSF with the four
different millimolar concentrations of MPP") and, hence, was perfused throughout the
entire microdialysis procedure, on day 1 and 2.

At the conclusion of each day's microdialysis procedures, in vitro DA probe
recovery was carried out to insure that the probe had functioned properly throughout the
experiment. All tubing was thoroughly rinsed with deionized water for 12 h in order to
remove all traces of salts and other chemicals. Upon completion of the day 1
microdialysis experiment, animals were removed from the Raturn and returned to
individual cages. Following day 2 experiments, animals were sacrificed and correct

placement of probes was verified as described by Santiago et al.**!

4. HPLC-EC
HPLC-EC method VI was originally developed to obtain separation of a twenty
amino acid standard mixture (BAS). However, many of these amino acids are not
detectable in dialysate or were of no interest in our experiments. This method employed
a BAS 200B HPLC system equipped with a BAS Unijet reversed phase microbore
column (ODS-8, 100 x 1 mm, 3 pm particle size), Unijet guard column (ODS-8, 10 x 1
mm, 3 um particle size) and dual glassy carbon detector electrodes (both 3 mm diameter)

set in parallel at +750 mV with respect to a Ag/AgCl reference electrode. This system
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was equipped with a flow splitter where approximately 10% of the mobile phase traveled
through the microbore column and the other 90% through a Phenomenex (Torrence, CA)
IB-SIL reversed phase column (OBS-18-BD, 100 x 3.2 mm, 3 pm). ChromGraph®
(BAS; version 1.5.01) software was utilized for data collection (Control ®; version 1.52)
and data analysis (Report ®; version 1.53).

Electrochemical detection of derivatized amino acid standards and dialysate
fractions was automated using a CMA/200 refrigerated autosampler (4°C) equipped with
a CMA/240 online injector and a 5.2 ul. sample loop. Standards and dialysate fractions
were adjusted to pH 10.0 with 1.0 M NaOH and loaded into the autosampler. The
derivatization procedure was also automated and utilized Reagent A and Reagent B of the
BAS amino acid kit (with one mL of Diluent B added to Reagent B) both kept in the
refrigerated autosampler during analysis. Once removed from the -20°C storage freezer,
Reagents A and B were employed for no more than 7 days. The autosampler was
programmed such that the derivatization procedure occurred immediately prior to sample
injection. For derivatization, three uL. of Reagent A was added to 7.5 pL of dialysate (or
standard) and mixed twice for 20 seconds each. Three pL of Reagent B was added and
mixed twice for 2 min each, then injected onto column.

Amino acid concentrations (expressed as efflux in fmol/min) were determined
based on calibration curves obtained with standard mixtures of known compounds. At
the beginning of each day, standard mixtures (3 different concentrations, 3 times each)
were injected to check calibration curves. During the course of autoinjection of dialysate
fractions, standard mixtures were injected as every fifth sample to monitor and correct for

possible derivatization errors, chromatographic drift and detector response deviations.
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For analysis of dialysate and amino acid standards a binary gradient mobile phase
system was employed. Solvent A was prepared by adding 160 mL of NAN-
dimethylacetamide and 270 mL of MeOH to 570 mL of 0.1 M sodium acetate buffer (pH
6.8, containing 40 mg/L Na;EDTA). Solvent B was prepared by adding 400 mL of N, V-
dimethylacetamide and 450 mL of MeOH to 150 mL of 0.1 M sodium acetate buffer (pH
6.8, containing 40 mg/L. Na,EDTA). After filtration (0.45 um type HA membrane filter,
Millipore, Bedford MA) both solvents were degassed under vacuum for approximately
one hour. During analysis, solvents were constantly degassed by a BAS Vacuum
Degasser (model LC-26B). The following binary gradient was employed: 0-20 min,
100% solvent A; 20-21 min, linear gradient to 5% solvent B; 21-30 min, 5% solvent B;
30-31 min, linear gradient to 100% solvent B; 31-47 min, 100% solvent B; 47-49 min,
linear gradient to 100% solvent A; 49-59 min, 100% solvent A. The flow rate was

constant at 70 plL./min.

C. Results

HPLC-EC method VI was used to analyze rat striatal dialysate samples for the
effect of MPP" perfusion (with and without ACV) on the concentrations of Glu, Asp, Gly
and Tau. A chromatogram of a standard mixture of 20 amino acids (including the four
listed above) is shown in Figure 5:02A. A representative chromatogram of a rat striatal
dialysate collected immediately prior to perfusion of MPP" (Figure 5:02B) shows peaks
corresponding to basal levels of Glu, Gly and Tau. Various concentrations of MPP" (0.7,
1.3, 2.5 and 10.0 mM) were perfused for 30 min into the striata of awake rats on day 1

and dialysate levels of Glu, Asp, Gly and Tau were measured using HPLC-EC method
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VL. Twenty-four hours later (day 2), an identical microdialysis experiment was carried
out on the same animal. In additional experiments, 1.0 mM ACV was coperfused 3 h
before, during and after perfusion of identical concentrations of MPP" on day 1 and
day 2.

Perfusion of MPP" (= 2.5 mM) evoked an increase of dialysate levels of Glu, Asp,
Gly and Tau. A chromatogram obtained with a dialysate sample collected between 40
and 45 min after discontinuing perfusion of 2.5 mM MPP" (Figure 5:02C) illustrates the
effects of MPP" perfusion on dialysate levels of Glu, Asp, Gly and Tau. Thus, MPP"
evoked a delayed (compared to the biogenic amines discussed in Chapter Two) efflux of
Glu, Asp, Gly and Tau that, after attaining maximal values, declined back towards basal
levels

Table 5:01 and Figures 5:03-10 depict the maximum efflux (% of basal levels on
corresponding day) of Glu, Asp, Gly and Tau after 30 min perfusions of various (0.7, 1.3,
2.5 and 10.0 mM) concentrations of MPP" (in the presence and absence of 1.0 mM ACV)
on day 1 and 24 hours later after an identical perfusion. The time dependent efflux levels
are presented for each amino acid at each concentration of MPP" perfused in the presence

and absence of 1.0 mM ACYV in Figures 5:11-42.
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Table 5:01. Maximum efflux levels of Glu, Asp, Gly and Tau on day 1 and
day 2 in the absence and presence of ACV (% of basal levels on
corresponding day + SEM, n=4).

Absence of ACV Presence of ACV
Amino MPP" Day 1 Day 2 Day 1 Day 2
Acid [mM]
Glu 0.7 100 + 22 100+ 10 100 + 12 116 +23
1.3 173 £33 100t 14 215+ 71 100 £ 6
(44] #
2.5 8876 + 953 120 + 15 7889 + 897 127 +£35
(™", xx) (x, ##) (7, %) ##)
10.0 16786 + 3198 129+ 34 17481 + 3984 103 £ 16
" %) (##) %) #)
Asp 0.7 175 + 58 132 £ 29 134 + 16 127 +31
13 299 + 98 100+ 13 461 1+ 149 100 + 14

®

2.5 3824 + 783 164 + 28 2240 + 340 129+ 12
%) (x, ##) (**, xx) (x, ##)

10.0 9310 + 1245 113 £19 6409 + 1099 100+ 11

(", xx) (##) %) (x, ##)
Gly 0.7 146 + 44 1119 129+ 18 122 +9
1.3 125 £ 28 100+ 5 281 + 60 100 £ 14
x )
2.5 366 £ 100 113 £ 15 288 +38 107 £22
@] 1G] 9] (##)
10.0 1103 £230 124 +26 510+ 83 113+ 19
¢ ) % %) ()
Tau 0.7 162 +47 141 + 33 295+ 101 164+ 16
1.3 291 £ 82 106 = 14 1236 +£322 160 £ 21
¢ *

2.5 1558 +359 118 £33 1456 + 508 112 £27
%) ) ) )

10.0 4701 + 657 113 £33 7965 + 699 118 £23
(**, xx) (##) (%%, X0, +) (###)
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(*) = significant difference vs. basal level on the same day.

(x) = significant difference vs. the previously lower MPP" concentration perfused.
(#) = significant difference between day 2 and day 1.

(+) = significant difference between the presence and absence of ACV.

'p <0.05,%p <0.01,%p < 0.001.

Perfusion of 0.7 mM MPP" (with and without ACV) and 1.3 mM MPP" (alone)
did not evoke any statistically significant changes in the efflux of Glu, Asp, Gly or Tau
(Figures 5:11-13, 19-21, 27-29 and 35-37). However, perfusion of 1.3 mM MPP" (with
1.0 mM ACV) evoked slight elevations in Giu, Asp, and Gly (Figures 5:14, 22, and 30),
but these were not statistically significant changes from basal levels. The same perfusion
(1.3 mM MPP" with 1.0 mM ACV) did evoke an increase (p < 0.05) in Tau efflux of
1236% of basal levels (Figure 5:10), reaching maximufn efflux levels 60 min after
perfusion of MPP" was discontinued (Figure 5:38).

Substantial changes in efflux levels were observed when the MPP" concentration
was increased to 2.5 and 10.0 mM. All four amino acids monitored exhibited an increase
in efflux levels that was significantly greater than basal levels both with and without
coperfusion of ACV (Table 5:01 and Figures 5:03-10, 15-18, 23-26, 31-34, and 39-42).
When perfusing 2.5 or 10.0 mM MPP” in the absence of ACV, Glu levels rose to 8876
and 16786% of basal levels and in the presence of ACV to 7889 and 17481% of basal
levels, respectively. Maximum Asp efflux levels were 3824 and 9310% of basal level in
the absence of ACV, and 2240 and 6409% of basal level in the presence of ACV when
2.5 and 10.0 mM, respectively MPP" were perfused (Table 5:01). The maximum efflux

levels for Glu and Asp (with and without ACV) occurred at 20-30 min after MPP"
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perfusions were discontinued (at both 2.5 and 10.0 mM concentrations of MPP"; Figures
5:15-18 and 23-26). For both Glu and Asp, as the concentration of MPP" (> 1.3 mM)
increased, the maximum efflux increased (Figures 5:03-06). This same concentration
dependence occurred for Gly (Figures 5:07 and 08) and Tau (Figures 5:09 and 10) but
was not observed until the perfused MPP" concentration was > 2.5 mM, except for one
situation where statistically significant increases in maximum efflux levels of Tau began
when > 1.3 mM MPP" (in the presense of ACV) was perfused (Figures 5:10 and 37).

Twenty-four hours after day 1 experiments, identical microdialysis experiments
were conducted where the same concentration of MPP" (with or without ACV) was .
perfused as on day 1. Interestingly, on day 2 at all concentrations of MPP" perfused,
both in the presence and absence of ACV, there was no significant change in efflux levels
compared to basal levels for any of the amino acids studied (Table 5:01 and Figures 5:03-
10). The concentration dependence observed for biogenic amines (Chapter Two), where
the maximum efflux on day 2 was inversely proportional to the concentration of MPP"
perfused on day 1, was not observed for the four amino acids studied here.

An interesting trénd is depicted in Table 5:02, which presents the percentage
change of day 2 basal levels compared to those on day 1. It appears that day 2 basal
levels are potentiated in proportion to the concentration of MPP" perfused on day 1 (both
in the absence and presence of ACV). This observation is apparent for both Glu and Asp
at all MPP" concentrations perfused, both with and without ACV. This trend is not
observable for Gly and Tau when perfused MPP" concentration were < 1.3 mM, but
becomes so, when the perfused concentration of MPP" was > 2.5 mM. For some reason

basal amino acid levels measured in groups of animals at the same concentration of MPP"
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perfused differed substantially from group to group. Therefore, statistical comparisons
for the changes in basal levels were not possible. Nevertheless, the trend that day 2 basal
levels are potentiated in proportion to the concentration of MPP" perfused on day 1 is
apparent and should probably not be ignored. Additionally, immunohistochemical results

presented in Chapter Six suggest an explanation for this trend.

Table 5:02. Amino acid basal levels on day 2 (24 hours after 30 min perfusion of
various concentrations of MPP" with or without 1.0 mM ACYV)
percent change from day 1 basal levels (n = 4).

Amine Acids

[MPP] Glu Asp Gly Tau
0.7 71.9 78.0 137.2 138.8

1.3 106.0 126.7 122.9 140.6

2.5 397.5 159.6 193.3 136.2

10.0 837.4 280.0 541.8 697.1

0.7 w/ACV 81.6 92.0 103.6 140.0
1.3 wW/ACV 112.5 114.6 122.1 153.8
2.5 w/ACV 302.0 167.2 159.2 155.7
10.0 w/ACV 1096.2 252.1 389.6 280.4
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D. Discussion

Initially, the primary purpose of these investigations was to determine the effect
of ACV on extracellular concentrations of Glu and Gly evoked by MPP" in the rat
striatum. ACV was expected to block the hydrolysis (in vivo) of GSH to Glu, Gly and
Cys. Indeed, coperfusion of MPP" and 1.0 mM ACYV caused extracellular levels of Cys
to become virtually undetectable, whereas, extracellular levels of GSH increased (Figure
1106).2175 Furthermore, the maximum efflux of GSH was much greater in the presence of
ACV than in its absence. Additionally, the decline of GSH from maximum efflux levels
(when coperfusing ACV) was much slower compared to when MPP" was perfused alone,
in which case GSH declined rather rapidly after reaching maximum efflux levels. The
results from these previous experiments suggested that ACV blocked the hydrolysis of
extracellular GSH to Cys and changed the time-dependent efflux behavior of GSH by its
inhibitory effect on the y-GT-induced degradation of GSH. However, the results
presented here reveal that ACV fails to attenuate the rise of extracellular Glu or Gly
(Table 5:01, and Figures 5:03, 04, 07, and 08). Statistically, there was no significant
difference in any of the maximum efflux levels nor time-dependent concentration
changes of Glu or Gly (Figures 5:11-18, and 27-34) when perfusions of MPP" alone were
compared to results from co-perfusions of MPP" with ACV. However, while it is clear
that extracellular Cys is derived from GSH under these circumstances, microdialysis
experiments indicate that neither Glu nor Gly are derived from GSH. Additionally, Asp
and Tau maximum effluxes (Figures 5:05, 06, 09 and 10), and time dependent
extracellular concentration behaviors (Figures 5:19-26 and 35-42) evoked by MPP’

perfusion were not significantly affected by coperfusion of ACV.
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Changes in extracellular levels of Glu, Asp and Gly (which have binding sites on
the NMDA receptor) together with the MPP"-induced removal of the Mg*" blockade of
the calcium channel of the NMDA receptor leads to an influx of Ca**. The term
"excitotoxicity" has been coined to refer to the neurotoxicity resulting from excessive
stimulation of Glu receptors and the ensuing influx of Ca®" which activates numerous
Ca*’-dependent enzymes, including phospholipases A, and C protein kinase C,
Ca**/calmodulin dependent protein kinase II, nitric oxide synthase, and various proteases
and nucleases. These enzymes are involved in metabolism of proteins, phospholipids, and
nucleic acids, and when activated can lead to cell death by various mechanisms including
excessive ROS generation.*’

. 0,16
All striatal neurons'®%!¢!

and dopaminergic SN cells’®*'% express NMDA and
AMPA receptors. When stimulated, NMDA and many AMPA receptors open Ca’’
channels. Recent studies indicate that AMPA receptor antagonists protect striatal
neurons against MPTP/MPP -induced neurotoxicity'®® and NMDA receptor antagonists
protect SN neurons.'*”'*® NMDA and/or AMPA receptor antagonists also attenuate the

dopaminergic neurotoxicity of MA.>*****

However, definitive results are lacking from
the studies employing various Glu receptor antagonists, with conflicting results
sometimes reported.™® For example, in two other studies systemic administration to
. 171337 337 , .
mice and rats”’ of MK-801 (an NMDA receptor antagonist) did not afford
protection from MPTP/MPP -induced neurodegeneration.>*®
When relatively low concentrations of MPP" (< 1.3 mM) were perfused on day 1

there was little or no change in dialysate levels of Glu, Asp or Gly (Figures 5:03-08).

However, the large energy impairment induced by MPP" should permit even basal levels
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of EAAs to activate NMDA?""?? and AMPA receptors,” % and possibly mediate
excitotoxicity. Gly is a coagonist on the NMDA receptor and, therefore, is important to
the neurotoxicity invoked by Ca*"-induced cell death. Blockade of the NMDA receptor
by a non-competitive Gly-site inhibitor protects cerebellar granule cell cultures from the
MPP"-induced cell death by blocking the influx of Ca**.**' In a similar study where mice
were treated with MPTP, a NMDA receptor Gly-site antagonist attenuated MPTP-
induced depletion of striatal DA and the degeneration of TH-positive SNy, neurons.”*
From studies presented here, it is clear that the source of Glu and Gly observed
following perfusion of > 2.5 mM MPP" is not derived from the y-GT degradation of
GSH. Astrocytes are well characterized as having a functional role in clearing excess
extracellular Glu and, by the action of glutamine synthetase, converting it into
glutamine **  Also, MPP™ mediates intraastrocytic ROS generation and inactivation of
glutamine synthetase and, thus intracellular Glu levels become elevated.** However,
severa] lines of evidence point to astrocytes as a possible source of Glu export. The
mechanisms leading to release of Glu from astrocytes remain to be determined, but

345
d.

several potential pathways have been suggeste These include: (1) reversal of the

GLT-1 under conditions of energy impairment induced consequent to MPP™ entry into

3
astrocytes, 46,347

(2) astrocytic swelling, (which may also cause release of Asp and
Tau),”*® and (3) calcium-dependent release from putative vesicles.”*>>? In recent studies
it has been suggested that, unlike DA, extracellular levels of Glu measured by
microdialysis techniques do not reflect synaptic release. Glu can arise from neurons and
particularly astrocytes that are not necessarily in the immediate vicinity of the

microdialysis probe (extracellular transmission).>”
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From previous studies, the role of Tau in the CNS remains speculative but its
function has been associated with osmoregulation, inhibitory neuromodulation,
membrane stabilization, and even as an antioxidant.’® It has been proposed that Tau may
serve as neurochemical marker of generalized cell loss and is reported to be localized in
both neurons and glia.*>* The role of Tau as an antioxidant is supported by a recent study
where Tau inhibited oxidative damage caused by iron-stimulated DA oxidation, and
therefore, served a neuroprotective role.>> Tau exhibited neurotransmitter characteristics
in a previous study where it was shown (in rats) to be released from the terminals of
nigrostriatal neurons by stimulation of AMPA/kainate receptors in the striatum.*°

Tau levels measured in CSF of PD patients are conflicting,®® having been
reported to be decreased,™” increased,®*” and even unchanged”® compared to Tau levels
measured in similar age group controls. Additionally, there have been studies conducted
to determine the effect of aging on Tau levels and the results also appear to be

359,360

contradictory. Thus, Tau levels in CSF have been reported to be increased,’®

decreased,™® and unchanged®®

with advancing age. Interestingly, there appears to be
some groups (especially those who previously reported decreased levels of Tau in PD
patients) that propose a correlation between Tau levels and the loss of DA neurons.
These conflicting results are not surprising since age-related and PD studies are difficult
to correlate due to the inherent variables that are often uncontrollable in human studies.

In the present studies, MPP" perfusions at concentrations > 1.3 mM evoke an
increase in the efflux of Tau (Figures 5:09, 10). The source of Tau in the striatum may

also be from astrocytes, although supporting evidence has not been established. In fact,

previous studies (similar to those conducted here with perfusion of MPP" into the rat
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~ striatum) in which Tau dialysate levels were measured have not previously been reported.
Whether Tau serves a neuroprotective function or contributes to the neurotoxicity of

MPP" or neither, remains to be determined.

E. Conclusion

Contrary to expectations, the coperfusion of 1.0 mM ACV with apparent
neurotoxic concentrations of MPP" did not attenuate the release of Glu and/or Gly when
compared to MPP" perfusions in the absence of ACV. Thus, the rise of extracellular Glu
and Gly after MPP" perfusions are discontinued must originate from a source other than
GSH. None of the four amino acids (Glu, Asp, Gly and Tau) displayed a significant
change in dialysate levels until the concentration of perfused MPP" was > 2.5 mM. In
Chapter Two, perfusion of 1.3 (and to a lesser extent, 0.7) mM concentrations of MPP"
on day 1 attenuated the release of DA on day 2, an apparent sign of MPP -induced
dopaminergic neurotoxicity on day 1. Immunohistochemical analyses conducted 24 hours
after day 1 microdialysis (presented in Chapter Six), confirms the degeneration of DA
terminals at these lower concentrations (< 1.3 mM) of perfused MPP". However, in
results presented here, there was no detectable release of Glu, Asp, Gly and Tau on day 1.
Therefore, elevated amino acid release (specifically, Glu release) does not appear to be
necessary for MPP"-evoked neurotoxicity. Indeed, analysis of recent literature suggests
that dopaminergic neurodegeneration is not the direct result of Glu-induced
excitotoxicity, but may be exacerbated by increased levels of Glu.™® Tt is tempting to
speculate, that at low concentrations of perfused MPP" (< 1.3 mM), there are mechanisms

(possibly mediated through volume transmission) which enable the extracellular
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environment to maintain constant apparent extracellular levels of these amino acids,
hence, minimal fluctuations in amino acid levels are not detectable by microdialysis. At
higher concentrations of perfused MPP" (> 2.5 mM), these protective mechanisms are
overwhelmed, consequently the elevated extraceilular amino acid concentrations are
observed, leading to additional damage from excitotoxicity.

If Glu, Asp, Gly and Tau are all released from astrocytes (which appear to be
destroyed by MPP"; as presented in Chapter Six), this could explain the lack of release on
~ day 2 of any of the amino acids at any of the MPP" concentrations perfused. Day 2
amino acid basal levels are elevated and proportional to both the concentration of MPP"
perfused on day 1 and the area lacking astrocytes. This supports other studies indicating
that astrocytes are required to maintain basal amino acid levels under normal

. 4 365
conditiong 34373.363-36
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Chapter Five Figures
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H
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Figure 5:01. Amino acids: Glutamate (Glu), Aspartate
(Asp), Glycine (Gly) and Taurine (Tau).
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(B) rat striatal dialysate collected prior to MPP" perfusion: and (C) rat striatal
dialysate collected from 40-45 min after 2.5 mM MPP" perfusion was terminated.
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Chapter Five Figures (cont.)

Figures 5:03-5:10. Maximum efflux of Glu, Asp Gly and Tau evoked by 30 min
perfusions of MPP" (0.7-10.0 mM) in the absence and presence of continuous perfusion

of 1.0 mM ACYV into the striatum of awake rat on day 1 and day 2. A significant
difference between Glu, Asp, Gly and Tau efflux versus basal efflux is indicated by *p <
0.05; **p < 0.01; ***p < 0.001. A significant difference between Glu, Asp, Gly and Tau
efflux on day 1 or day 2 compared to that evoked by the immediate lower concentration
is indicated by "p < 0.05; *"p < 0.01. A significant difference between the day 2 and day
1 efflux is indicated by "p < 0.05; ¥p < 0.01; "p < 0.001. A significant difference
between Glu, Asp, Gly and Tau efflux on day 1 or day 2 when 1.0 mM ACV was
perfused before, during and after (0.7-10.0 mM) MPP™ versus an identical perfusion in

the absence of ACV is indicated by "p < 0.05; "'p <0.01. Data are mean + SEM (n = 4).

Figures 5:11-5:42. Time-dependent effects of a 30 min perfusion of MPP" (0.7-10.0
mM) in the absence and presence of continuous perfusion of 1.0 mM ACV into striatum
of awake rat on dialysate levels of Glu, Asp, Gly and Tau on day 1 and an identical
perfusion on day 2. The horizontal black bar shows the period during which MPP*
entered the brain. *p < 0.05; **p < 0.01 compared to basal levels measured on day 1 or
day 2. "p < 0.05 when basal dialysate concentration on day 2 was compared to day 1.

Data are mean = SEM (n = 4).
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Chapter Six

Immunohistochemistry

A. Introduction
In  microdialysis experiments presented in Chapter Two and by

151,152,227,239,327,366,367

others, perfusion of > 0.7 mM concentrations of MPP" into the

striatum of rats on day 1 evoked a massive release of DA. The greater the release of DA
on day 1, the smaller the release caused by the day 2 perfusion of MPP". These
observations suggest that the day 1 perfusion of MPP" caused DA neurotoxicity. In this
chapter, experiments are described that were designed to examine tissue changes that
occurred in response to MPP", using various immunohistochemical analyses in rat brain.
Thus on day 1 animals were perfused for 30 min with aCSF or one of four concentrations
of MPP" (0.7, 1.3, 2.5, 10.0 mM). Twenty-four hours after the day 1 perfusion rats were
sacrificed and brain tissue in the vicinity of the microdialysis probe was examined
immunohistochemically using: (1) TH-immunoreactivity (-IR), an indication of DA
terminal degeneration; (2) GFAP-IR, a structural proteinvindicative of reactive astrocytes;
(3) OX-42-1IR, an indication of reactive microglia; and (4) Niss! staining with thionin, a

tinctorial cellular stain for neuronal cell bodies.
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B. Experimental
1. Chemicals and Drugs

Pentobarbital (sodium salt), sucrose, H,0, (30%), 3,3’-diaminobenzidine
tetrahydrochloride (DAB), Trizma (hydrochloride salt), fetal bovine serum (FBS), bovine
serum albumin (BSA), polyvinylpyrrolidone (PVP), Triton X-100, thionin acetate stain,
goat anti-rabbit IgG biotinylated secondary antibody (normal goat serum, NGS) and
horse anti-mouse IgG biotinylated secondary antibody (normal horse serum, NHS) were
obtained from Sigma. Permount®, paraformaldehyde and xylenes were obtained from
Fisher. Potassium phosphate (KH,PO4) was obtained from EM Science. Sodium
phosphate (Na;HPQ4) and sodium chloride (NaCl) were obtained from Mallinckrodt.
Hemosol (polyvinylchloride) was obtained from Aldrich. Rabbit anti-TH primary
antiserum was obtained from Chemicon (Temecula, CA). Rabbit anti-GFAP primary
antiserum was obtained from DakoCytomation (Carpinteria, CA). Mouse anti-OX-42
primary antiserum was obtained from Serotec (Oxford, England). The Vectastain avidin-
biotin-peroxidase complex (ABC) kit was obtained from Vector Labs (Burlingame, CA).
Tissue-Tek O.C.T. Compound was obtained from IMEB, Inc. (San Marcos, CA). The

sources of all other chemicals have been described previously.
2. Animals and Surgery

Details of rats and surgical procedures have been described in Chapter Two. For

all immunohistological experiments, only one probe was implanted.

197



3. Microdialysis and HPLC
Microdialysis experiments were identical to those described in Chapters Two and
Five, except the day 2 microdialysis was not carried out. Dialysates from day 1
experiments were analyzed for biogenic amines employing HPLC-EC method I as

described in Chapter Two.

4. Immunchistochemistry
Twenty-four hours after the day 1 MPP" perfusions, Nissl staining and TH, GFAP
and OX-42 immunohistochemistry were conducted on horizontal striatal tissue slices
using a modification of the methods described by Matarredona et al*?” The following

solutions were made in preparation for immunohistochemical experiments.

a. Solutions

(1) 8% Paraformaldehyde Stock Solution was prepared by dissolving 80 g of paraform-
aldehyde in 900 mL of deionized water. The solution was heated to 55 > 60°C
under ventilation, removed from the heat and 2 M NaOH was added until the
solution became clear (approximately 5 mL). The solution was filtered (Whatman
#1 filter paper), diluted to 1000 mL with deionized water, stored at 4°C and was
not used beyond 10 days storage.

(2) Sorenson's Phosphate Buffer Stock Solution (0.2 M, pH 7.2) was prepared by
dissolving 8.06 g KH,PO4 and 20.0 g NapHPO4 in 900 mL of deionized water.

The pH was adjusted to 7.2 with 1 M HCl or 1 M NaOH (whichever was
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necessary), the volume diluted to 1000 mL with additional deionized water, and
stored at ambient temperature (23 + 1°C).

(3) 0.9% Saline Solution was prepared by dissolving 9.0 g of NaCl in 1000 mL of
deionized water and stored at ambient temperature (23 + 1°C).

(4) 20% Sucrose Solution was prepared by dissolving 50.0 g sucrose in 250 mL of 0.1 M
Sorenson's phosphate buffer. This was stored at 4°C and was not used beyond 7
days storage.

(5) Perfusion Solution was prepared by combining equal volumes of 8% paraformalde-
hyde solution aﬁd 0.2 M (pH 7.2) Sorenson's buffer stock solution. This solution

was prepared immediately prior to use.

(6) Phosphate Buffered Saline (PBS) was prepared by dissolving 13.4 g Na,HPO47H,0O
and 8.0 g NaCl in 1 L of deionized water. The pH was adjusted to 7.2 with 1 M
NaOH and stored at ambient temperature (23 £ 1°C).

(7) Tris-Saline was prepared by dissolving 7.45 g Trizma in 1 L of 0.9% saline solution.
The pH was adjusted to 7.4 (with 0.1 M NaOH or 0.1 M HCI, as appropriate) and
stored at 4°C.

(8) Phosphate Buffered Saline/Triton Solution (PBS-T) was prepared by adding 3 mL of
Triton X-100 to 997 mL of PBS. This solution was stored at 4°C.

(9) Thionin Stain was made by slowly adding and dissolving 2.5 g thionin acetate (while
stirring) in 1 L of a solution of 36 mM NaOH and 0.2 M acetic acid at 60°C.
After the thionin had dissolved, the solution was covered and boiled (60°C) for 45

min. The solution was filtered (Whatman #2 filter paper), stored in a brown bottle
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(to protect from light) at ambient temperature (23 * 1°C) and used within 4

months.

b. Procedures
i. General

On day 2, (24 hours after the day 1 microdialysis experiment) rats (330-360 g)
were perfused through the heart under sodium pentobarbitol anesthesia (50 mg/mL i.v. of
5% wi/v sodium pentobarbitol solution, ca. 1.0 mL) with 200 mL of 0.9% saline solution
followed by 470 mL of Perfusion Solution. Brains were removed and then serially
cryoprotected (at 4°C), first in Perfusion Solution for 24 h and then in 20% sucrose
solution for 1-2 days or until they sank. The brains were then frozen in O.C.T.
Compound at -15°C, and 30 um horizontal striatal cross-sections were cut at -20°C on a
cryostat (Reichert Histostat, Germany). Tissue was mounted on gelatine-coated slides
(4/slide) and placed on a slide warmer (37°C) for 30-60 min.

Once tissue was placed in solution (rehydrated) it was never left out of solution
for more than 15 sec during ensuing immunohistochemical processing. In subsequent
procedures, tissue sections were always rinsed at ambient temperature (23 + 1°C) in
plastic slide-holders (Lab Scientific; Livingston, NJ) on a Bio-Shaker (Midwest
Scientific; St. Louis, MO) at speed #4 unless noted otherwise. For each animal there
were approximately 20 slides (ca. 4 tissue sections per slide). One slide-holder with §

slides was set aside for Nissl staining (description below).
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ii. Immunohistochemistry

The remaining slide-mounted tissue (ca. 15 per animal) was placed in shde-
holders (5 slides/holder) and rinsed in PBS for 10 min. Endogenous peroxidases were
blocked by incubating tissue in a solution of 3% H,0; in 10% MeOH for 5 min. Tissue
sections were then rinsed twice (10 min each time) in PBS, followed by incubation in a
solution containing 10% NGS, 10% NHS, 10% FBS, 1% BSA and 1% PVP in 21 mL
PBS-T for 60 min.

The slide-mounted tissue in each of the three holders was incubated with one of
the following primary antibodies (diluted in PBS-T) for 72 h at 4°C: (1) rabbit anti-TH,
1:1000; (2) rabbit anti-GFAP, 1:2000; or (3) mouse anti-OX-42, 1:1000. Tissue sections
were drained and rinsed three times (10 min each) in PBS. Tissue sections were drained,
taken out of holders and laid flat. TH and GFAP sections were incubated witﬁ
biotinylated goat anti-rabbit IgG secondary antibody diluted 1:740 with PBS-T. 0X-42
sections were incubated with biotinylated horse anti-mouse IgG secondary antibody
diluted 1:715 with PBS-T. Each slide received 200 uL of diluted secondary antibody,
was covered with another glass slide and incubated (not on the shaker), at ambient
temperature for 90 min. Sections were then placed back in their respective holders and
rinsed three times (10 min each) with PBS. Tissue sections were then drained and
incubated for 90 min with Vectastain® ABC reagent (diluted 1:50 in PBS), followed by
three 10 min rinses (two times in PBS and one time in Tris-Saline).

The peroxidase bound to the secondary antibody was visualized by incubating
tissue in a DAB solution (made immediately prior to use by combining 15 mg DAB and

300 pL of 0.3% HyO, with 30 mL Tris-saline). The reaction was terminated after 5-30
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min (depending on efficiency of tissue staining as periodically monitored on a light
microscope) by rinsing tissue three times (10 min each) with PBS. Tissue was dehydrated
with the following schedule (5 min each): 70% EtOH, 95% EtOH, 95% EtOH, 100%

EtOH, 100% EtOH, hemosol, xylenes, and xylenes.

iii. Nissl staining
For Nissl staining with thionin the slide-holder was rehydrated with PBS for 2
min. Tissue sections were drained and incubated in thionin solution for 8 min followed
by PBS and rinsing three times (5 min each) to stop the reaction. Tissue was dehydrated
with the following schedule: 95% EtOH (1 min), 100% EtOH (1 min), 100% EtOH (1

min), 1:1 solution of 100% EtOH:xylenes (3 min), xylenes (5 min), xylenes (5 min).

iv. Dehydration and visualization
Cover slips were applied to all slide-mounted tissue sections with Permount.
Visual analysis was conducted employing a Olympus Provis light microscope with SPOT
imaging software® (Diagnostic Instruments; version 3.5.7 for Windows) and photographs

were taken with a SPOT digital camera.

C. Results
1. TH-IR
Figures 6:01A-F show the changes in TH-IR visualized from cross-sections of
striatal tissue fixed 24 hours after day 1 perfusion of aCSF or 0.7, 1.3, 2.5 or 10.0 mM

concentrations of MPP" (Figures 6:01A-F, respectively). The normal pattern of TH-IR in
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the striatum (shown in Figure 6:01A) consists of punctate staining in the cellular neuropil
surrounding numerous fiber bundles. Around the microdialysis probe, a small dark area
of punctate TH-IR was observed (Figure 6:01A).

In the tissue from rats which received 0.7 mM MPP" (Figure 6:01B), the TH-IR
pattern was slightly disrupted around the microdialysis probe. In this area, TH-IR was
decreased except for swollen punctate TH-immunoreactive profiles. Outside of this halo
TH-IR appeared normal. In tissue from animals which received 1.3 (Figure 6:01C) and
2.5 (Figure 6:01D) mM MPP’, the halo of disrupted TH-IR increased. Within this area,
large swollen varicose fibers are observed. In the tissue from the 2.5 mM MPP'-treated
rats, a dark amorphous area appears around the microdialysis probe. In the tissue from
the 10.0 mM MPP -treated rats (Figure 6:01E) this same amorphous area extended
outward from the microdialysis probe to the edge of the striatum. Little to no
characteristic TH-IR occurred in this area. Figure 6:01F is a photograph of tissue from a
10.0 mM MPP"-treated rat which shows the outlying area of the striatum. The edge of the
striatum reveals what appears to be early stage distal axonopathy (antereograde terminal
die-back).

Overall, it appears that the decrease in normally-appearing TH-IR in
dopaminergic terminals is proportional to the amount of DA efflux on day 2, 24 hours
after day 1 MPP" perfusion. However, at MPP" concentrations > 2.5 mM, there is an
increasing area outwards from the microdialysis probe track that is heavily stained for
TH-IR, but which lacks any structural morphology and is probably not indicative of

surviving DA terminals.
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2. Nissl Staining

Thionin was employed to stain for Nissl substance in all cell bodies in tissue
sections. Figures 6:02A-E depict the changes in cell bodies with Nissl staining,
conducted 24 hours after day 1 perfusion of aCSF or 0.7, 1.3, 2.5 or 10.0 mM MPP".
There is an apparent decrease in cell staining density proportional to the concentration of
MPP" perfused on day 1. Additionally, there are morphological changes when only
aCSF was perfused (Figure 6:02A). In this figure, there is a densely staining area
immediately surrounding the probe location. These are probably signs of neuronal
necrosis induced by the placement of the microdialysis probe (i.e., mechanical damage).
In day 2 tissue obtained following 0.7 mM MPP" perfusion on day 1 (Figure 6:02B) there
is an apparent decrease in Niss! staining probably due to karyorrhesis (fragmentation and
breakdown of the nuclei) and especially, karyolysis (total dissolution and disappearance
of the nuclei).

In tissue obtained after 1.3 mM MPP" was perfused on day 1 (Figure 6:02C),
further changes in the Nissl staining are indicated. There is an increased area (inside the
dashed line) showing a generalized decrease in staining. Additionally, the dark-staining
area around the probe observed in tissue following perfusion of 0.7 mM MPP" or aCSF
alone has virtually disappeared. In tissue obtained following perfusion of 2.5 mM MPP"
on day 1 (Figure 6:02D), almost the entire field of view shows a decrease in the density
of cellular staining. Obvious signs of karyolysis are prominent in some areas around the
probe track. In this photograph the necrotic tissue from the probe hole has remained
virtually intact. This is not necessarily apparent in all tissue from this concentration of

MPP", and therefore, is probably not relevant to MPP"-dependent changes. The last of
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these photographs (Figure 6:02E, tissue after 10.0 mM MPP" was perfused on day 1)
depicts an enormous field of decreased cellular staining. The few cells remaining in this
area are very small in size. Note especially the apparent transition that occurs when > 2.5
mM MPP" was perfused on day 1. Thus, there is a dramatic increase in karyolysis
compared to that caused by lower MPP" concentrations where the visible remnants of
necrosis can still be observed as signs of pyknosis (condensation and shrinking of the cell

nucleus) and karyorrhesis.

3. GFAP-IR

Anti-GFAP monoclonal antibody was used to detect astrocytes on day 2 in cross-
sections of striatal tissue. Figures 6:03A-F show the effect of day 1 perfusion of aCSF
(6:03A) and 0.7 (6:03B), 1.3 (6:03C), 2.5 (6:03D), and 10.0 (6:03E, F) mM MPP" on
astrocytes as indicated by GFAP-IR. In Figure 6:03A, only aCSF was perfused on day 1,
yet there is a small distance projecting from the probe track in which GFAP
immunoreactivity is absent. The insert of Figure 6:03A, shows a typical resting astrocyte
from the area outside the dashed line. Note the minimal processes and narrow cell body.
At the lowest level of MPP" perfused on day 1 (0.7 mM) GFAP-IR shows an increased
area void of GFAP-IR extending radially from the probe location (Figure 6:03B). The
insert in Figure 6:03B is a typical astrocyte from the area immediately outside the dashed
circle showing a swollen cell body, an early sign of reactive astrocytosis. With 1.3 mM
MPP" (Figure 6:03C) the area lacking GFAP-IR astrocytes increased from the previous
concentration of perfused MPP". Additionally, there is a change in the morphology of

the GFAP-IR astrocytes outside the dashed circle, indicative of advanced astrocytosis
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with a swollen cell body and numerous enlarged stellar pfocesses (insert of Figure
6:03C).

With 2.5 mM MPP", an area radial from the probe contains broken GFAP
immunoreactive cellular elements (Figure 6:03D). This area is followed (outward) by a
zone absent of GFAP-IR which is enlarged from the previous concentration of MPP™.
The insert of Figure 6:03D shows a characteristic astrocyte in the area outside the dashed
line. This photograph shows fragmentation of the astrocytes, with stellar processes
separated from swollen cell bodies.

Figure 6:03E shows GFAP-IR after 10.0 mM MPP" perfusion. The entire field of
view contains very little GFAP-IR. At a higher magnification (Figure 6:03 F and insert)
GFAP-IR appears but only in widely dispersed astrocytes with fragmented cell bodies
and processes. Some of the astrocytic cell bodies appear swollen, whereas, others are the

size of normal resting astrocytes.

4. 0O0X-42 (microglia-IR)
0X-42 is an antibody that is directed against the type-3 complement receptor
(CR-3) and recognizes microglial cells. This antibody was used to detect microglia on
day 2 in cross-sections of striatal tissue. Specific terminology will be used to relate

7
al**  There are

various stages of microglial activation as described by Matarredona et
basically three different stages of activation that will be differentiated as: (1) "ramified"
microglia are in the resting state and are characterized by a small cell body with several

emanating processes; (2) "activated" microglia have a swollen cell body with thicker

processes; (3) "reactive" microglia have become macrophages with a pseudopodic to
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globular-shape, without processes. In some of the photographs these will be pointed out
with a (1) box, ramified; (2) solid circle, activated; (3) dashed circle, reactive. The
Figures 6:04A-L show the effect of aCSF perfusion (6:04A, B) and of 0.7 (6:04C, D), 1.3
(6:04E, F), 2.5 (6:04G, H), and 10.0 (6:041 - L) mM MPP" on microglia as indicated by
0X-42 immunohistology.

In Figure 6:04A, B the effects of day one perfusion of aCSF are shown. In the
area around the probe, some reactive microglia are observed. A magnification of the area
around the probe (Figure 6:04B) shows all three stages of microglia, with the ramified
microglia farthest away from the probe track. The effects of 0.7 mM MPP™ are shown in
Figures 6:04C, D. There are more reactive microglia in the area around the probe
compared to when only aCSF was perfused. Magnification of the area around the probe
(Figure 6:04D) reveals that all three stages of microglia are still present. When the
concentration of MPP" was increased to 1.3 mM, (Figures 6:04E, F) there are lightly
statning reactive microglia (insert of Figure 6:04E) with sparse clusters of more intensely
staining reactive microglia (Figure 6:04E). Away from the probe, in an area outside the
field of view of Figure 6:04E, both activated and ramified microglia can still be observed
(Figure 6:04F).

The OX-42 immunoreactivity dramatically changes as the concentration of
perfused MPP" was increased to 2.5 mM (Figures 6:04G, H). The area around the probe
(Figure 6:04G and insert) depicts a dense area of reactive microglia. Outside this field of
view (Figure 6:04H) at the edge of the striatum there are darkly staining clusters of
reactive microglia, and near the edge of the striatum (top of photograph) some activated

microglia are still visible. Figures 6:041 - L shown the destructive effects of 10.0 mM
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MPP’. In Figure 6:041 the entire field of view exhibits intense nonspecific staining.
Even the texture of the tissue appears corrugated and this effect extends almost to the
edge of the striatum. Magnification of this area (Figures 6:04], K) show large clusters of
reactive microglia. In Figures 6:04], L the area outside this intensely staining non-

specific region, shows sparse and barely visible activated microglia.

D. Discussion
Numerous microdialysis studies have shown that perfusion of millimolar
concentrations of MPP" into the rat striatum produces a massive increase in DA

151,152,227,239,327,366 367
efflux.””"~

In some of these microdialysis studies, the same or a similar
concentration of MPP" was perfused on day 2 (24 hours after day 1 perfusion), resulting
in an attenuated release (maximum efflux) of DA. This attenuated release of DA on day

151,152,227,368-
2 has been proposed’”!1*22#27,368370

to be an indication of dopaminergic terminal damage.
That is, the amount of DA efflux on day 2 is proposed to reflect the number of
dopaminergic terminals remaining in the striatum. While this is not an indication of
dopaminergic neuronal cell body loss, it has been shown that the loss of TH-IR
(indicative of dopaminergic terminal damage) results in eventual dopaminergic neuronal
cell body loss in the SN, due to the retrograde axonal transport of MPP* 37?7 The
present immunohistochemical analysis was conducted only on striatal tissue. In fact, the
DA neuronal cell loss in the SNy, is believed to be a much slower process, taking several
days (after perfusion of MPP") to occur.””* The TH-IR changes shown in Figures 6:01C-

F provide good evidence for distal axonopathy (dying-back axonal degeneration) and

may be an indication of Wallerian degeneration (axon and myelin sheath degeneration
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when disconnected from the cell body).” The present study indicates that the maximum
DA efflux on day 2 is: (1) inversely proportional to the amount of TH-IR and (2)
proportional to the quantity of remaining DA terminals in the striatum.

Cell bodies containing Nissl substance were stained with thionin as presented in
6:02A-F. Dopaminergic neuronal cell bodies are not present in the striatum and, hence,
Nissl staining (or lack of) is not an indication of their presence or loss. The Nissl staining
in the present study was conducted to obtain insight into the effects of MPP" on all
neurons located in the striatum. While low concentrations of MPTP/MPP" may be

. : . 5,77
selective to dopaminergic neurons,”’ *

we now provide some evidence that as the
concentration of MPP” perfused (or the total quantity of MPP" perfused) is increased,
MPP" becomes non-selective, apparently indiscriminately destroying many neurons
along with astrocytes and perhaps microglia.*”® Therefore, while MPP" may be selective
to DA degeneration at low concentrations, with increasing concentrations it becomes an
indiscriminate cellular toxin. The results from the present study indicate that at MPP”
concentrations < 1.3 mM (Figures 6:02A - C) cellular loss is minimal as characterized by
the density of Nissl staining. However, at MPP" concentrations > 2.5 mM (Figures
6:02D, E) there is widespread destruction of many if not all cell types in the vicinity of
the probe. This effect is apparent in Figure 6:02E, when 10.0 mM MPP" was perfused on
day 1. There is very little Nissl staining in the striatal area shown, indicative of rampant
karyolysis.

At all MPP" concentrations perfused there appears to be signs of neuronal cell

loss, the extent of which is proportional to the MPP" concentration perfused on day 1.

The proposition that at > 2.5 mM MPP" becomes non-selectively toxic is supported by
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the general signs of karyolysis depicted by Nissl staining experiments, and the darkened
appearance of non-structurally morphologic patterns of TH-IR, GFAP-IR and microglia
immunoreactivity (Figures 6:01E, F, 6:03E, F, and 6:04G-L, respectively). In fact when
10.0 mM MPP” was perfused on day 1 enormous generalized toxic destruction of a
majority of the cells in the striatum was observed radiating outward from the probe.

In the present study, examination of the response of astrocytes to MPP" using
GFAP immunochistochemistry on day 2 was also conducted. As the concentration of
perfused MPP" on day 1 was increased, there was a corresponding increase in the area
(radiating outward from the probe) which was void of astrocytes as indicated by a
complete lack of GFAP-IR (Figures 6:03A-F). This area corresponds to the same area
where there was no TH-IR (Figures 6:01C-E). Additionally this same area corresponds
to the area in the Nissl stained tissue sections where there were clear cellular signs of
necrosis indicated by karyorrhesis and karyolysis (Figures 6:02 C-E). Indeed, the GFAP-
IR relationship to TH-IR is clearly apparent (Figures 6:03D, E and 6:01D, E,
respectively) when the concentration of MPP" perfused on day 1 was > 2.5 mM. A
darkened area extending radially, outward from the probe (similar to TH-IR at the same
concentration) which upon closer magnifications (Figure 6:03F) shows the remnants of
astrocytes. Many of these remnants appear to be normal sized astrocytes. This suggests
that MPP", at concentrations > 2.5 mM, is astrocytoxic and the toxic response is so rapid
that astrocytes died before becoming reactive. This appears to be substantiated by the
earlier findings with Nissl staining where there appears to be a generalized loss of all cell

types at these concentrations of MPP' perfused on day 1 (2.5 and 10.0 mM).

210



Interestingly, > 2.5 mM MPP" perfusions cause a substantial delayed elevation in Glu
efflux (Chapter Five).

The inserts in Figures 6:03A-D, F show magnifications of astrocytes (at each
concentration of perfused MPP") in the initial area away from the probe track where there
is GFAP-IR (i.e., just outside the dashed line). As the concentration of MPP" perfused on
day 1 increases there are characteristic changes in the morphology of these astrocytes. A
resting astrocyte is shown in the insert of Figure 6:03A in tissue perfused with aCSF
alone. At 0.7 mM MPP" (insert of Figure 6:03B) astrocytes exhibit an enlarged cell
body, while at 1.3 mM MPP" (insert of Figure 6:03C) astrocytes exhibit both an enlarged
cell body and stellar processes. Corresponding with the idea that at higher concentrations
(= 2.5 mM) MPP" becomes a non-selective toxin, the inserts from Figures 6:03D, F show
disruption of astrocytes and signs of cellular destruction.

Day 1 perfusions of MPP" resulted in a dose-dependent microglial response as
shown by OX-42 immunoreactivity. When aCSF (Figures 6:04A, B) and 0.7 mM MPP*
(Figures 6:04C, D) were perfused there were clearly visible signs of reactive microglia in
the area around the probe. Activated and then ramified microglia appear as the distance
from the probe increases. With tissue from when 1.3 mM MPP" was perfused the
reactive microglia became darker and sparse (Figure 6:04E, F). In the 2.5 (Figures
6:04G, H) and 10.0 mM (Figure 6:04I-L) MPP’ animals the intense OX-42-IR
corresponded to that showing decreased TH-IR (Figures 6:01D-F) and GFAP-IR (Figures
6:03D-F) at these same concentrations of MPP". Close examination showed heavily
stained OX-42 immunoreactive microglia. An additional dose-dependent change

observed with OX-42-IR was an increase in the distance from the probe where activated
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and ramified microglia were detected. At 2.5 mM MPP" activated microglia are only
visible at the peripheral area of the striatum (Figure 6:04H). Close examination of Figure
6:04L (a magnification of the edge of the striatum) shows lightly staining ramified and
activated microglia. The toxic insult from MPP"™ may have been so rapid that the
microglia died before entering the reactive phase, similar to that seen with GFAP-IR at
the same concentration (Figure 6:03E, F).

The functions of astrocytes and microglia in the normal and diseased brain are not
well understood and represent an area of active investigation. In the normal brain,
astrocytes are considered largely beneficial by releasing trophic factors, scavenging ROS

377-381

and controlling extracellular Glu levels. While astrocytes are thought to have a

supportive role for neurons, microglia may exert deleterious effects in the PD brain and

in MPTP/MPP"-treated animals.*** Many previous studies have reported a glial response

175,383,384

(gliosis) which occurs as a result of MPTP/MPP" administration. In addition,

post-mortem analysis of PD brain tissue shows elevated microglial immunoreactivity.*®”
¥ Gliosis was originally believed to evoke similar effects as other macrophages, i.e.,
removal of cellular debris.*****> However, in the PD brain and in MPTP/MPP"-treated
animals, microglia may exert a deleterious effect by producing ROS, RNS,
proinflammatory prostaglandins and cytokines.”® ROS and RNS production can lead to
neuronal cell death*>'™*#7393%0 prostaglandin E, (PGEy) and its synthesizing enzyme

cyclooxygenase type-2 (Cox-2) expression is increased during gliosis associated with

inflammation.**'*%* Elevated levels of Cox-2 and PGE, have been detected in the SN, of

9

post-mortem PD brains®” and inhibition of Cox-2 attenuates MPTP neurotoxicity 1n

394

mice.” Of the cytokines, tumor necrosis factor-a (TNF-a) and interleukin-1p (IL-1B)

212



have both been implicated in PD neurotoxicity having been found at elevated levels in the
SNpe of post-mortem PD -brains and in the CSF of living PD patients.*™7 These
cytokines are produced by microglia, which can stimulate other microglia and, hence,
amplify neuronal damage®® Interestingly, activation of microglia can occur before
astrocytosis and, most importantly, before significant dopaminergic neurodegeneration

has occurred.!”

E. Conclusion

Analysis of rat striatal tissue analyzed 24 hr after perfusion of 0.0 - 10.0 MPP"
show MPP'-induced concentration dependent changes in TH-IR, GFAP-IR, OX-42-
microgial-IR and Niss! staining. The present study indicates that the maximum DA efflux
onday 2 is: (1) inversely proportional to the amount of TH-IR and (2) proportional to the
quantity of remaining DA terminals in the striatum. GFAP-IR shows that as MPP"
concentrations perfused on day 1 are increased there is an increase in the distance from
the probe track that is absent astrocytes indicated by a lack of GFAP-IR. With OX-42-
IR, the microglia morphology change is apparent with an increase in reactive microglia
with increasing concentrations of MPP" having been perfused on day 1. There is a
dramatic decrease in the amount of Nissl staining with increasing concentration of
perfused MPP" especially, at MPP" concentrations > 2.5 mM, obvoius signs of cellular
destruction. Taken together, the results of the immunohistochemical experiments suggest
that MPP" concentrations > 2.5 mM induce non-specific neurotoxicity (i.e., not limited to

DA and 5-HT neurons) destroying astrocytes, microglia and other striatal neurons.
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Chapter Six Figures

Figures 6:01A-F. Horizontal tissue sections (30 um) through the striatum on day 2
depicting TH immunoreactivity. The striata were perfused on day 1 with aCSF (A) or
various millimolar concentrations of MPP" for 30 min: 0.7 (B), 1.3 (C), 2.5 (D) and 10.0
(E, F). The area inside the dashed line depicts an absence of TH-immunoreactivity,
which increases outwards from the probe proportional to the concentration of MPP"

perfused on day 1. The asterisk depicts the approximate center of the probe hole.
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Figures 6:02A-E. Horizontal tissue sections (30 um) through the stnatum on day 2
depicting Nissl staining. The striata were perfused on day 1 with aCSF (A) or various
millimolar concentrations of MPP" for 30 min: 0.7 (B), 1.3 (C), 2.5 (D) and 10.0 (E).
Note the decrease in density of Nissl stained cell bodies proportional to the increasing
concentrations of MPP" (perfused on day 1), especially at > 2.5 mM MPP". The asterisk

depicts the approximate center of the probe hole.
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Figures 6:03A-F. Horizontal tissue sections (30 pm) through the striatum on day 2
depicting GFAP immunoreactivity. The striata were perfused on day 1 with aCSF (A) or
various millimolar concentrations of MPP" for 30 min: 0.7 (B), 1.3 (C), 2.5 (D) and 10.0
(E, F). The area inside the dashed line depicts an absence of GFAP-staining astrocytes
which increases outwards from the probe proportional to the concentration of MPP”
perfused on day 1. Note the complete lack of reactive astrocytes and the change in tissue
contrast and texture in (E), which begins to appear in (D). This tissue is depicted in (F) at
higher magnification revealing what may be the remnants of necrotic glia. The asterisk

depicts the approximate center of the probe hole.
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Figures 6:04A-L. Horizontal tissue sections (30 um) through the striatum on day 2
depicting OX-42 (specific for microglia) immunoreactivity. The striata were perfused on
day 1 with aCSF (A, B) or various millimolar concentrations of MPP" for 30 min: 0.7 (C,
D), 1.3 (E, F), 2.5 (G, H) and 10.0 (I-L). There are basically three different stages of
activation that are differentiated as: (1) "ramified" microglia are in the resting state and
are characterized by a small cell body with several emanating processes; (2) "activated"”
microglia have a swollen cell body with thicker processes; (3) "reactive" microglia have
become macrophages with a pseudopodic to globular-shape, without processes. In some
of the photographs these will be pointed out with a (1) box, ramified; (2) solid circle,
activated; (3) dashed circle, reactive. The asterisk depicts the approximate center of the

probe hole.
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Chapter Seven

Conclusions and Future Directions

During a MPP'-induced energy impairment DA is massively released from
neurons’ "> (Figures 2:13-20). Shortly after this DA release (once MPP" perfusions are
discontinued) there is a massive release of GSH (Figure 1:05) into the extracellular

97-104,215 This

space. dopaminergic energy impairment presumably allows basal

202,203 199,200

extracellular Glu to activate NMDA receptors which results in an influx of

Ca’" mediating intraneuronal O, generation®”?* and activation of nNOS'7*1717-1%0
with consequent NO-,%% and finally ONOO™ generation. %%

During the early years of this project it was proposed that extracellular HO-
and/or ONOO™ would oxidize released GSH and DA to radicals and eventually form
glutathionyl conjugates of DA (Figure 1:02). Additionally, it was proposed that released
GSH (both from neurons and glia) would be degraded by y-GT/ApN to Cys, Gly and Glu.
Some Cys and DA would be oxidized to cysteinyl conjugates of DA. Some DA would be
metabolized to DOPAC and thus glutathionyl and cysteinyl conjugates of DOPAC would
be expected.

As the dopaminergic energy impairment subsides it was proposed that Cys would
be transported into neurons, where it is the rate-limiting substrate for GSH

83,84,95,96

synthesis. During this period DA reuptake into neurons would scavenge

intraneuronal ONOO™ and hence block extracelluar generation of HO-. During the period
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of recovery but still reduced ATP production, elevated levels of Glu (from the y-GT
degradation of GSH) would continue NMDA receptor activation and hence intraneuronal
ONOO’ production. This ONOO” would oxidize DA to DAQ some of which would bind
to active site cysteinyl residues of TH invoking irreversible inhibition of this enzyme.*"”
However, most of the DAQ would react with translocated Cys forming cysteinyl
conjugates of DA which are further oxidized to DHBT and BT metabolites. These
metabolites were proposed to be responsible in vivo for the ensuing DA cell death.
Indeed, in vifro experiments conducted in our laboratory showed that DHBTs and BTs
are accumulated by brain mitochondria and evoke a time-dependent irreversible
inhibition of mt complex I and o-KGDH.*2*#%¢

So according to this hypothesis, the role of y-GT was perceived as crucial for the
degradation of GSH to Glu, Cys and Gly. Elevated levels of Glu would continue
activation of NMDA receptors and, hence, intraneuronal production of HO- and/or
ONOQO" that would oxidize DA to DAQ. The latter reacting with transported Cys to form
5-5-Cys-DA and eventually DHBT/BTs. Microdialysis experiments were designed to
examine the effects of y-GT inhibition by ACV. Under these conditions several
differences should have been observed. GSH would not be degraded to Cys, Gly and
Glu. Microdialysis experiments would probably only detect glutathionyl conjugates of
DA and DOPAC. Decreased levels of Glu and Gly would be seen in these experiments.
Cys would not be available for translocation into dopaminergic neurons. Therefore,
cysteinyl conjugates of DA would not be formed intraneuronally which would block
formation of DHBTSs and BTs. Most importantly, extracellular levels of Glu would be

attenuated, NMDA receptors would not remain activated as neuronal ATP production
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increased. Therefore, DA as it re-enters neurons would not be oxidized to DAQ, which
the latter is neurotoxic itself. DA neurons would survive and, hence, ACV inhibition of
v-GT would afford neuroprotection.

The results presented in Chapter Two did not support many of the proposed ideas.
Glutathionyl and cysteinyl conjugates of DA and/or DOPAC were never detected before,
during or after perfusion of MPP" in the presence or absence of ACV. Perfusion of 1.0
mM ACV before, during and after a 30 min perfusion of 0.7-10.0 mM MPP" was not
neuroprotective. This was indicated by an attenuated release of DA in an identical
microdialysis experiment with MPP" conducted 24 hours after day 1 MPP" perfusions
(Figures 2:13-20) and a loss of TH-IR 24 h after day 1 MPP" perfusions. There was
minimal (if any) difference in the maximum extracellular concentrations of L-DOPA,
DA, 5-HT and their metabolites in microdialysis experiments where MPP" was perfused
in the absence or presence of ACV (Figures 2:61-74). In fact, coperfusion of ACV may
have resulted in more destruction of DA neurons, as seen by an attenuated maximal
release on day 2 microdialysis experiments compare to similar experiments conducted in
the absence of ACV.

In Chapter Five, results were presented from analysis of amino acids present in
dialysate collected from the same microdialysis experiments employing MPP" as those
presented in Chapter Two. Coperfusion of ACV with aCSF did not change the MPP"-
induced time-dependent release or maximum efflux of Glu (Figures 5:03, 04, 11-18) or
any of the other amino acids (Figures 5:06-11, 20-43) when compared to identical
microdialysis experiments conducted in the absence of ACV. This was particularly

surprising since previous microdialysis experiments conducted in our laboratory had
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shown that coperfusion of ACV blocked MPP"-mediated Cys efflux and potentiated GSH
efflux (Figurel:06).>"> The results from experiments presented in Chapter Five led to the
conclusion that Glu and Gly do not originate from the y-GT.hydrolysis of GSH when
millimolar concentrations of MPP" are perfused. It currently appears that MPP" probably
induces release of Glu, Gly, Asp and Tau from astrocytes. Experiments are currently
underway in our laboratory to examine the source of Glu. If Glu is released from
astrocytes by MPP"-induced reversal of the Glu transporter then pharmacologic inhibition
of these transporters should result in an attenuated release of Glu. Inhibitors of DAT on
DA neurons will also be used to determine if MPP"-induced Glu release is originating
from astrocytes. However, these experiments may not identify the source of Glu, since
the latter may be released from astrocytes by other routes (as discussed in Chapter
Five).*¥ 348352 Interestingly, at lower MPP" concentrations that resulted in dopaminergic
(0.7 and 1.3 mM; Figures 2:13-16) and apparent serotonergic (1.3 mM; Figures 2:31, 32)
neurotoxicity, there was minimal if any detectable release of Glu (Figures 5:11-14). It
was not until when MPP" concentrations > 2.5 mM were perfused that a substantial
release of Glu was observed (Figures 5:15-18). This indicates that elevated release of
Glu is not required for dopaminergic and serotonergic neurotoxicity. However, during
conditions of attenuated ATP production (induced by MPP") even basal levels of Glu can
activate NMDA receptors,””’ and, thus, continued generation of intraneuronal HO- and/or
ONOO" which can oxidize DA to neurotoxic DAQ.?" Also, it is reasonable to suspect, at
MPP" concentrations > 2.5 mM when there is a substantial release of Glu (Figures 5:03,

04, 15-18), additional damage is induced by excitotoxic mechanisms.
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It seems improbable that in an HO--enriched extracellular environment that DA,
DOPAC, GSH, and Cys could escape oxidation. However, in the results presented in
Chapter Three, it appears that there may be minimal extracellular levels of HO- and
ONOO" which is supported by several observations. Constant perfusion of 2.5 mM SA
before, during and after a 30 min perfusion of 10.0 mM MPP" did result in the formation
of 2,3-DHBA, however, not untii MPP" perfusions were discontinued (Figure 3:08).
During the period when MPP" was being perfused in these experiments GSSG, cystine
and sulfinic and sulfonic acids were not detected which would be expected if there was
generation of extracellular HO- and/or ONOO™** In previous experiments conducted in
our laboratory GSH release was similarly delayed” as was the formation of 2,3-DHBA.
Therefore, it may be that once the antioxidant GSH is released from neurons, SA (if
present intracellularly) is hydroxylated by ONOO™ and/or HO:, resulting in formation of
2,3-DHBA. Coperfusion of MPP" and SA failed to attenuate the apparent dopaminergic
(Figure 3:02) and serotonergic (Figure 3:04) neurotoxicity of MPP" (Table 3:01). Thus,
it seems likely that intracellular concentrations of SA do not reach sufficiently high levels
for it to act as a neuroprotective HO/ONOO™ scavenger.

Perhaps the most significant observation from all the experiments conducted in
the present study was the MPP"-induced dose-dependent release of L-DOPA (Figures
2:05-12, 61, 62). Many experiments were designed and conducted to confirm the identity
of this compound and ascertain insight into why it was present in dialysates. In fact,
during analysis of early microdialysis experiments, this compound was thought to be
2,5,6-tr1-S-GSH-DA (Figure 2:04). Using HPLC-EC method 1, the then putative 2,5,6-

tri-S-GSH-DA had the same tg and coeluted with standard 2,5,6-tri-S-GSH-DA (Table
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2:02). However, employing HPLC-EC method II the putative 2,5,6-tri-5-GSH-DA did
not have the same tg as standard 2,5,6-tri-5-GSH-DA and did not coelute with added
standard 2,5,6-tri-S-GSH-DA (Table 2:02). Another system was developed (HPLC-EC
method ITI) which provided the same chromatographic results as HPLC-EC method 1I
(Table 2:02). Instead the unknown compound was found to be L-(D-)DOPA based on
matching tg and coelution with standard L-DOPA employing HPLC-EC methods I-IV
(Table 2:02).

A series of experiments were designed to provide insight into the mode of
formation of the neurotransmitter-like release of putative L-(D-)DOPA. Two
antioxidants, mannitol and SA were coperfused before, during and after perfusion of 10.0
mM MPP". In the event that Tyr was being hydroxylated by HO- and/or ONOO’, these
antioxidants should attenuate the formation of putative DOPA. Mannitol is believed to

 and the site of SA's antioxidation could be both

be an extracellular antioxidant,**
extracellularly and intracellularly, although this is not clearly established. There was no
difference in the putative L-DOPA time-dependent behavior (Figures 3:01, 09) or the
maximum efflux (Table 3:01) when MPP" was perfused in the absence or presence of SA
or mannitol. These observations suggest that HO- and/or ONOO™ (if generated
intracellularly or extracellularly) do not hydroxylate Tyr to form L-DOPA.

A generous gift from Professor Carla Borri-Voltatorrini of purified DDC enabled
the design of a series of in vitro and in vivo experiments to observe the activity of DDC.
HPLC-EC method IV was developed to conduct in vitro experiments with DDC. This

was the fourth system which chromatographically confirmed the identity of L-(D-)DOPA

based on matching tg and coelution with added standard L-DOPA (Table 2:02).
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Observations from in vifro experiments found no inhibition of DDC from the addition of
150 mM MPP’ to an incubation mixture where L-DOPA was quantitatively
decarboxylated to DA. Dialysate collected at the time of maximum putative L-DOPA
release from experiments where rats received 10.0 mM MPP" was analyzed in assays
with DDC. The results from the latter experiments showed that DDC converted the
putative L-DOPA to DA. Thus, since DDC decarboxylates L-DOPA not D-DOPA, these
experiments confirmed the identity of L-DOPA (Figure 3:17). HPLC-EC method V was
developed to be employed in the analysis of rat brain striatal tissue for the in vivo activity
of DDC. Analysis of tissue in the area around the probe obtained when L-DOPA was at
maximum concentration, revealed a MPP-induced inhibition of DDC (Figure 3:16).
More importantly, these experiments provided a rational explanation for the
formation/release of L-DOPA. The possible reasons for the inhibition of DDC remain to
be determined. Some of the possibilities are described at the end of Chapter Three.
Future experiments are being designed to examine modifications of residues contained in
DDC which could result in decreased activity of this enzyme.

The discovery that MPP" induces a dose dependent release of L-DOPA and the
rapid inhibition of DDC was certainly an exciting observation. However, why these
effects have escaped observations in other laboratories seemed surprising. Several
factors may have contributed to the ability to detect L-DOPA in our experiments, when
others had not. HPLC-EC method I employed a very unconventional mobile phase that
resulted in an EC response for the biogenic amines observed that is approximately 2.5
times greater than traditional mobile phases that are composed of SOS, citric acid,

EDTA, DEA, MeOH and MeCN. Additionally, the short tg usually observed with L-
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DOPA, often causes it to coelute with the solvent front. Another important difference in
the design of the microdialysis experiments presented in this work, was the 5 min

. . . . . . . . . 7.239-
collection intervals. Most microdialysis experiments described in the literature'*>*”**

*1 and previously conducted in our laboratory*®® collected dialysate fractions at much
longer time intervals. The shorter time intervals allow rapid changes in neurochemicals
to be observed more easily.

Since these MPP" microdialysis experiments induce dopaminergic neurotoxicity
and are considered animal models of PD, the possibility that L-DOPA release might
occur with another dopaminergic neurotoxin and animal model of PD was explored by
conducting similar experiments with MA.’ In experiments employing MA (ip.)
injections, there was a similar release of L-DOPA and DA (Figures 4:04, 05,
respectively) as seen in microdialysis experiments where MPP" was perfused. This was
significant because it shows that the neurotransmitter-like release of L-DOPA was not
limited to MPP", and indeed might be an early event which occurs in PD. Additionally,
the maximum extracellular concentration of DA induced by MA was attenuated
compared to experiments with low concentrations (0.7 mM) of MPP', supporting
previous suggestions that MA inhibits the DAT.*** An additional animal model of
neurodegeneration, MDMA, which is known to result in serotonergic degeneration and
minimal dopaminergic degeneration (in rats) was then employed.””’ Administration of
MDMA also resulted in the release of L-DOPA and DA (Figures 4:12, 13, respectively).
The delayed MDMA-induced release of DA (compared to the MPP" and MA-induced
release of DA) supports previous suggestions that MDMA is a substrate for SERT but not

for the DAT (both MPP" and MA are substrates for DAT) and must passively diffuse into
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DA neurons. Experiment_s have not been conducted to determine if MA and MDMA
induce similar inhibition of DDC (as that mediated by MPP"). Certainly in the near
| future, experiments should be conducted to examine such a possibility. Additionally,
experiments need to examine the time-dependent inhibition of DDC when perfusing
MPP".

The significance of the inhibition of DDC with consequent neurotransmitter-like
release of L-DOPA remains to be determined. - /n vifro studies have demonstrated

possible L-DOPA neurotoxicity,?”+283-398-400

especially its ability to induce oxidative
stress. ' However, in vivo evidence is still lacking. On the other hand, some reports
propose a neuroprotective role for L-DOPA by its ability in vitro to upregulate GSH*****
and exert neurotrophic effects.'”** Amazingly, despite almost forty years of being used
to treat PD, L-DOPA just recently (1998) entered clinical drug trials. However, the
preliminary results of these studies appear conflicting.”®  Nevertheless, L-DOPA/
carbidopa remains the most often prescribed and is considered the best treatment
currently available to PD patients, despite the numerous side effects, eventual wearing-
off problems and the possibility that it may potentiate DA neuronal damage.'>*****

In microdialysis experiments with perfusions of millimolar concentrations of
MPP’, dialysate was analyzed by HPLC-PDA to search for possible hydroxylation and
nitration products of Tyr and Phe and glutathionyl and cysteinyl conjugates of DA and
DOPAC. The possibility that MPP" might mediate the formation of 3-nitro-Tyr, 4-nitro-
Phe, o- and m-Tyr was suggested by previous studies that reported markers of RNS/
ROS,*" protein-bound 3-nitro-Tyr in animal models of MPTP/MPP'®” and elevated

5

levels of 3-nitro-Tyr in the autopsied brains of PD patients.”> None of the suspected
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markers of ROS/RNS (i.e., 3-nitro-Tyr, 4-nitro-Phe, o- and m-Tyr), glutathionyl and
cysteinyl conjugates of DA and/or DOPAC, or any unknown compounds were ever
detected in our experiments employing the PDA. However, the full potential of this
instrument remains to be utilized. Indeed, future experiments are being designed to
employ this PDA detector in search of possible metabolites of MDMA, which may be
formed during administration of the parent compound.

The results from the immunchistochemical studies showed: (1) a decrease in TH-
IR, (2) a lack of GFAP-IR with increasing distance from the probe track, (3) an increase
in reactive microglia, and (4) a decrease in Nissl staining that were all four in proportion
to the MPP -induced attenuated release of DA observed in microdialysis experiments
conducted 24 hours after an identical concentration of MPP" had been perfused.
Therefore, these immunohistochemical experiments show that increasing concentrations
of MPP" perfused on day 1 mediate increasing levels of (1) DA terminal damage, (2)
astrocytic destruction, (3) reactive microglia, and (4) non-specific cellular death.

Animal models provide us with valuable insight into many neurodegenerative
processes. Without them, no or minimal progress would be made in the search to
understand PD and other neurodegenerative diseases. This project presented numerous
challenges which were at times difficult, but were always intellectually challenging. The
inherent nature of this kind of interdisciplinary research requires a continuous quest to
venture into areas that are not familiar. However, without an attempt to understand what
researchers are doing in other fields and how this relates to ones own individual efforts,
limits the conclusions that each individual field can contribute to a further understanding

of the entire neurodegenerative process. It is certainly disappointing to observe the
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competition for funding often competes with researchers' ability to share results and
ideas. It may sound a bit idealistic, but if all the various disciplines could find a way to
work together, answers would come sooner and the people we are trying to help would
certainly benefit. Afier all, is not the reason why one investigates neurodegenerative
processes, to possibly make a difference in someone's life. This is quite certainly what
motivates me. It is my hope that the research presented here and that which I may
conduct in the future will provide valuable insight into any aspect of neurodegeneration,

especially Parkinson's disease.
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