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m Abstract The neurotransmitter dopamine (DA) plays a central role in the co-
ordination of movement, attention, and the recognition of reward. Loss of DA from
the basal ganglia, as a consequence of degeneration of neurons in the substantia ni-
gra, triggers postural instability and Parkinson’s disease (PD). DA transporters (DATS)
regulate synaptic DA availability and provide a conduit for the uptake of DA mimetic
neurotoxins, which can be used to evoke neuronal death and Parkinson-like syndrome.
Recently, we have explored the sensitivity of DA neurons in the nem&adrorhab-

ditis elegango the Parkinsonian-inducing neurotoxin 6-hydroxydopamine (6-OHDA)
and found striking similarities, including DAT dependence, to neurodegeneration ob-
served in mammalian models. In this review, we present our findings in the context
of molecular and behavioral dimensions of DA signalingineleganswith an eye
toward opportunities for uncovering DAT mutants, DAT regulators, and components
of toxin-mediated cell death.

INTRODUCTION

In the year 1817, the English neurologist James Parkinson published his “Essay
on the Shaking Palsy,” which described a devastating neurological disease that de-
teriorates into uncontrollable tremors, bradykinesia, and loss of motor skills. We
now recognize this neurodegenerative disorder as Parkinson’s disease (PD). It was
not until almost a century and a half later that the biochemical basis for PD was
clarified by Arvid Carlsson as a depletion of dopamine (DA) from the basal gan-
glia, studies for which he was jointly awarded the 2000 Nobel Prize in Physiology
or Medicine. His investigations also led to the identification of the DA precursor
L-DOPA, which thirty years later is still the principle medication used to alleviate
the clinical manifestations of PD. Since these early studies, DA has been found to
play a key role in a number of other physiological processes, including cogni-
tion, emotion, reward, memory, and endocrine function. Moreover, DA neuronal
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dysfunction has been associated with several prevalent neurobehavioral disorders,
including drug addiction, schizophrenia, and attention-deficit hyperactivity disor-
der (ADHD). But despite almost a half-century of intense investigations into DA
neurotransmission and its clear role in neurological disorders, much remains to be
understood regarding the regulation of DA signaling during normal physiological
states as well as what confers the unique sensitivity of DA neurons to damage
in PD. The complexity of the human brain, which contains over 100 billion neu-
rons and tens of thousands of DA-containing cells (1), each capable of forming
many thousands of synaptic connections, has greatly limited our ability to dissect
the regulatory machinery involved in DA neurotransmission. Moreover, the relative
inaccessability of DA neurons in vertebrates, and our inability to directly visual-
ize DA neurons and their synaptic connections in vivo, significantly restricts the
pace of progress in elucidating the molecular mechanisms involved in DA neurode-
generation. Recently, we and others have taken advantage of the high conservation
that exists at a molecular level in DAergic signaling across phylogeny to propose
new models for the study of DA neurotransmission in normal and pathogenic states
(2-5). In the present review, we discuss how the opportunities presented by the
nematodeCaenorhabditis elegansan increase our understanding of DA signal-
ing, dopamine transporter (DAT) regulation, and DA neuron pathogenisis. We also
describe how this system can be utilized to identify new molecular components of
DA signaling as well as evaluate pharmaceutics that may be protective in PD.

C. ELEGANS AS A MODEL SYSTEM: GENERAL FEATURES

C. eleganshas been well recognized as a powerful model system for dissecting
the components involved in neurotransmission and disease (2, 6, 7). Its genome,
biosynthetic, and metabolic pathways are highly conserved with mammalian
systems, yet their small size (adults are approximately 1-mm long), ease of
maintenance in the laboratory (they grow on agar plates coated with bacteria),
quick generation time (3 days), and large brood sizes (over 300 progeny per
hermaphrodite) allow for the rapid growth of many animals for a variety of cellular,
molecular, and genetic analysis (8—10). The transparency of the animal and the
ease of making reporter gene fusions allow for examination of neuronal morpho-
logy and direct viewing of protein expression patterns within the living nervous
system (11-14). Moreover, the availability of a complete three-dimensional map
of the 302-cell nervous system allows for the identification of most synapses
between neurons (15, 16). The self-fertilizing hermaphrodite permits quick and
easy homozygosity of mutations, and males can be used for mating to gener-
ate lines with multiple mutations. The completed sequence of the genome, the
ability to perform whole-animal PCR (“single-worm PCR”), and the existence
of a high-density polymorphism map of a related strain of the wild-type (WT)
C. eleganallows for quick and easy mapping of mutations within practically any
gene (8, 17). Gene knockouts can also be generated (minimum of about one week),
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and loss-of-function mutant phenotypes can be evaluated within most cell types
with the use of RNA-mediated interference (RNAI) technology (18, 19). With the
recent advances in prima@. elegangultures, reliable knockout phenotypes can
now be generated in vitro within the nervous system (20), and compounds that are
impermeable to the whole animal due to the barrier of the cuticle or that could not
be solubilized to sufficiently high concentrations to permit the drug to penetrate the
cuticle can now be effectively applied to cultured cells. Also, electrophysiological
methods have been developed to examine the electrical properties of a variety of
neurons and other cell types both in vivo and in vitro (16, 20).

The C. eleganservous system contains many of the known signaling com-
ponents and neurotransmitter systems found in the mammalian nervous system.
The worm contains acetylcholine, glutamateaminobutyric acid (GABA), sero-
tonin (5-HT), DA, and neuropeptides (21), among other chemical messengers.
Neurotransmitter-specific transporters (membrane and vesicular) and receptors
(including G-protein-coupled) are also highly conserved with their mammalian
counterparts (21). Most ligand-gated and voltage-gated ion channels are present
within the worm, with the notable exception of the voltage-gated dlaannel
(21); however, the voltage-gated Cehannels are conserved and, as in mammals,
could generate the necessary action potentials for neurotransmission (16). Finally,
all the known synaptic components involved in synaptic vesicle plasma membrane
interactions and exocytosis, including syntaxins, synaptotagmin, synaptobrevin,
and SNAP-25, are highly conserved between the worm and mammals (21). This
remarkable similarity between the mammalian and worm nervous systems has
expedited the identification of novel proteins required for normal synaptic trans-
mission in humans (22).

NEURONS AND GENES SUPPORTING DOPAMINE
SIGNALING IN C. ELEGANS

The C. eleganshermaphrodite contains eight DA neurons, four symetrically ar-
ranged cephalic cells (CEPs) and two bilateral anterior deirids (ADES) in the
head, and two bilateral posterior deirids (PDES), which contain processes that run
through the main part of the body and tail (Figure 1) (23). These neurons are
believed to be mechanosensory neurons because the microtubule-containing cil-
ium at the end of the dendrites are embedded in the subcuticle and may detect
movement or food (see below) (24-26). The CEPs (two dorsal and two ventral)
contain a single long dendrite that extends from the cell body near the nerve ring,
or “brain,” through the length of the head where the ciliated endings enter the
cuticle near the nose of the animal (15, 24). The ADE cell bodies are located be-
hind the second bulb of the pharynx, and the dendrites contain ciliated endings
that travel into the deirid sensilla (15). The axons of both the CEPs and ADEs are
directed into the nerve ring, and the dorsal pair of CEPs may receive some synap-
tic input from the ADEs (15). The cell bodies of the PDEs are located posterior
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to the vulva, and as with other DA neurons, the dendrites contain ciliated end-
ings that enter the sensillum (15). The PDE axons enter the nerve chord, where the
anterior process extends to near the nerve ring, and receive en passant synaptic con-
nections from other neurons (15, 27). TBeelegansnale contains another three

pairs of DA neurons that are located within the tail, as well as four DA-containing
male-specific spicule socket cells (28, 29).

The DA neurons were initially identified by Sulston and coworkers, who used
the catecholamine-specific technique of formaldehyde-induced fluorescence (FIF)
(23). DA cell bodies and processes were visualized using fluorescence microscopy,
confirmed as DA by alumina absorption and thin-layer chromatography (TLC). The
precursor L-DOPA was also identified but not the catecholamines norepinephrine
and epinephrine. Based on FIF micrographs and worm DA content as well as
the estimated volume of the cell bodies and processes, the concentration of DA
in the nerve endings is predicted to be very similar to the concentration within
mammalian varicosities (23). We and others [(6); R. Nass, unpublished data] have
confirmed via high-perfomance liquid chromatography (HPLC) that DA and its
metabolites dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA)
are present in the animal.

Sulston and coworkers isolated several mutant lines deficient in catecholamine
fluorescence. Once cloned and characterized, these mutants reveal that the
C. elegandDAergic system is at least fundamentally very similar to vertebrates
(Figure 2).cat-1animals (catcholamine abnormal) have a dramatic reduction in
DA content yet over a threefold increase in L-DOPA (23). FIF in this animal was
also only seen in the cell bodies and not the processes. The animals were also
similar to WT worms treated with the drug reserpine, which depletes vertebrate
secretory vesicles of catecholamines (23). Taken together, these results suggest
that these mutants are unable to load DA into synaptic vesicles (23). Duerr and
coworkers confirmed these results when they identified the mutation ©. thle-
gansorthologue of mammalian vesicular monoamine transporters (VMATS) (30).
And like the neuronal VMAT, VMAT2,cat-1 is associated with synaptic vesi-
cles that are localized to both DA and 5-HT neurons and has a high affinity for
DA, serotonin, norepinephrine, and histamine. Furthermoregahd behavioral
phenotype (see below) can be rescued by the human VMAT2 transgene, which
strongly supports the role afat-1as a synaptic vesicle neurotransmitter trans-
porter (30). The VMATSs also transport octopamine. Octopamine is present within
the worm (31) and is believed to be the norepinephrine analogue found in many
invertebrate systems.

Sulston identified two other mutants that have altered DA production, and FIF
patterns—eat-2andcat-4. cat-2mutants have a complete loss of DA, as detected
by FIF and TLC (23). Lints & Emmons subsequently identified the mutant protein
via BLAST and gene sequencing to encode a polypeptide with 50% amino acid
identity to tyrosine hydroxylase (TH) (32). TH is the rate-limiting enzyme in
DA biosynthesis and is expressed in mammalian DA neurons, and their GFP-
reporter expression pattern ustag-2promotor fusions agreed with this functional
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assignment, revealing expression limited to DA neurons. Based on reductions in
5-HT levels and cuticle defects in tloat-4 mutants, it has been suggested that
this gene encodes a pterin cofactor, GTP cyclohydrolase (GTPCH). The pterin
cofactor is used in the biosynthetic pathway of both DA and 5-HT and is involved in
worm cuticle formation (23, 33—-35). Notably, dopa-responsive dystonia, a disease
causing parkinsonian-like phenotypes, is due to mutations within the GTPCH gene
(36).

Metabolic pathways for catecholamines also appear to be conserved from man
to worm. Sulston identified aromatic amino acid decarboxylase (AAAD) activity
in his C. elegangreparations (23). AAAD is an enzyme required for the conver-
sion of L-DOPA to DA and for the conversion of 5-hydroxytryptophan (5-HTP)
to 5-HT in mammals. Loer & Kenyon loaded 5-HTP in DA neurons and found
that they became 5-HT immunoreactive, implying AAAD activity similar to what
is found in mammalian systems (34). Mutants containing lihs-1 (biogenic
amine g/nthesis-defective) allele, which do not produce DA or 5-HT and cannot
convert exogenous 5-HTP to 5-HT, maps to the putative AAAD gene (23, 34).
C. eleganslso contains homologues of mammalian DA metabolizing enzymes,
including monoamine oxidase (MAQ) and catechol-o-methyltransferase (COMT)
(6, 37), enzymes involved in the pathways for the conversion of DA to DOPAC
or to 3-methoxytyramine (3-MT) and HVA, and we and others have identified
these metabolites in whole-animal worm preparations via HPLC [(6); R. Nass,
unpublished datal].

DA and mammalian DA receptor antagonists alter behavior€.irlegans
consistent with the presence of DA receptors in the worm [(38) and references
therein]. Exposure of animals to DA results in a decrease of movement, grazing,
and egg-laying; however, addition of the mammalian D2 antagonist haloperidol
reverses this effect (38, 39). Chlorpromazine, another D2-antagonist, can also blunt
the DA contribution to egg-laying (40). We have found that the DA transporter
substrate amphetamine, which causes an increase in synaptic DA by eliciting
efflux of DA from DAergic terminals, also causes a decrease in egg-laying and
larval development (R. Nass, unpublished data) (41). This effect is also blunted
in the AVMAT cat-1line, which cannot package DA for release and also exhibits
lower whole-animal DA levels (R. Nass, unpublished data) (41). Finally, gain-of-
functionegl-2mutants contain a mutation in a voltage-gated eag-likeeKannel
that causes a defect in egg-laying and defecation; this phenotype can be suppressec
in the presence of different D2 family DA antagonists, including chlorpromazine,
haloperidol, butachlamol, droperido, and pimozide (38), suggesting that EGL-2
may participate in circuits modulated by DA. Recently, the first DA receptor was
identified inC. elegansCeDOP1 has high sequence similiarity (43%) to the human
G-protein-coupled D1-like receptors (D1 and D5) (42). In vitro DA and lysergic
acid diethylamide (LSD) binding assays suggest that DA is likely the natural ligand
and that CeDOPL1 is a DA receptor in vivo. At least nine other cDNAs encoding
DA receptor homologs have been cloned from the worm, though the functional
identity of these receptors has yet to be determined (6).
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The behavior otat mutants, as well as the results of DA neuron cell-ablation
studies, support the role that DA is involved in mechanosensation (26). Worms
normally move slowly on bacteria relative to when they are off their food source
(26). Laser ablations of all the DA neurons [the DA neurons are not required for
survival (an advantage in genetic screens, see below)] or mutations that affect DA
synthesis or storagedt-1, cat-2, cat-4, andbas-1), cause the animals to move at
similar rates on or off bacteria; however, the addition of DAc&b-2, cat-4, and
bas-1selectively restores the slower movement on the bacterial lawn, suggesting
that DA plays a role in context-dependent locomotion (26). Furthermore, male
mating is a complex behavior that requires the normal function of the DA neurons
in the male tail; laser ablation of the tail DA ray neurons results in inefficient
attempts to locate the vulva for copulation (43). Similarly, well-éed-2 males,
unlike WT males, often appear disinterested when encountering hermaphrodites
and do not attempt to mate (34). Abnormal DA signalingat-1, cat-4, andbas-1
males may also contribute to their disinterest in mating with the hermaphrodites
(34). Finally, worms exposed to DA become paralyzed and do not lay eggs, but
after a few hours are able to move normally (3®)c-2mutants do not adapt to
DA. unc-2encodes for the-1 subunit of a voltage-sensitive calcium-channel, and
calcium-dependent transcription modulation has been implicated in DA reward
pathways (39, 44). It will be interesting to determine if the abilityfelegans
to adapt to DA exposure shares features common to adaptations found in DA
signaling pathways following chronic psychostimulant exposure (44).

MAMMALIAN AND C. ELEGANS DOPAMINE
TRANSPORTERS

A unique and identifying characteristic of mammalian DA neurons is the pres-
ence of the DAT, which is responsible for the reuptake of DA in the presynaptic
terminal following release into the synaptic cleft (45—-47). DAT localizes to axons
and dendrites of mesencephalic and hypothalomic DA neurons, innervating the
striatum and frontal cortex, and directly or indirectly regulates locomotor activity,
cognition, emotion, reward, and neuroendocrine function (48-50). The transporter
is the target for many psychoactive drugs, including cocaine, amphetamine, and
methylphenidate. These agents confer euphoria and can lead to addiction. DATs
also provide the molecular gateway for the accumulation of neurotoxins that can
evoke neuronal death (see below) (47,51, 52).

Studies in knockout mice indicate that DAT significantly modulates many as-
pects of DA neuronal function and neurotransmission. DAT knockout mice display
a 75% decrease in DA release into the synaptic cleft and a 300-fold decrease in
extracellular DA clearance (clearance approximately correlates with normal diffu-
sion) (53, 54). TH levels, as measured by immunohistochemistry, are also dramat-
ically decreased to 90% of WT, although TH activity is increased 200-fold; this
concomitantincrease in TH activity is not sufficient to account for the reduction in
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TH, and cellular DA levels are reduced 20-fold (53, 55). Furthermore, D1 and D2
DA receptors are reduced approximately twofold, and DA autoreceptor function
is significantly reduced or completely lost (54, 56). Because of the importance of
DAT in DA neurotransmission, it is likely that DAT is under strict regulatory con-
trol, but the mechanism of this regulation is poorly understood (51). DATs are now
believed to be regulated by posttranslational modification and altered trafficking.
Mammalian DATs contain multiple phosphorylation sites, including consensus
sites for protein kinase A (PKA), protein kinase C (PKC), calcium calmodulin
kinase, and cAMP-dependent protein kinase (57). PKC activation via phorbol es-
ters causes DAT phosphorylation and leads to DAT redistribution from the plasma
membrane to intracellular compartments, suggesting that phosphorylation may
play a role in DAT endocytosis and localization (58-65). It is not clear though
whether the direct phosphorylation of DAT is involved in the internalization or
whether another protein mediating cell surface expression of DAT is responsible
(66).

Evidence exists that DATs are regulated by multple cell surface receptors. D2
receptor (BR) antagonists decrease DA transport in vivo and in vitro, but not in
all cell types (67—-69). Recently, Mayfield & Zahniser showed th#R Bctivation
increases DAT expression on the cell surfacégénopu®ocytes, indicating that the
presynaptic autoreceptor can play a significant role in DAT regulation. Muscarinic
agonists also cause an increase in extracellular DA, which could be due to a
reduction in DAT activity (70), and 2-receptors may regulate DAT activity via a
PKC dependent pathway (71).

Recently, DAT has been shown to have direct interaction, both in vivo and
in vitro, with two proteins that influence the density of DAT on the plasma mem-
brane. PICK1, a PDZ domain-containing protein and a PKC binding partner, binds
to the PDZ domain recognition sequence at the C-terminas of DAT (72). This asso-
ciation appears to enhance DA uptake by increasing the level of, and possibly stabi-
lizing, DATs on the cell surface. Likewise;synuclein, a presynaptic protein that
associates with synaptic vesicles and participates in excitation-secretion coupling,
has been reported to form complexes with human DAT (hDAT) at the C-terminus
that also increases DAT clustering at the cell surface and DA transport (73). Inter-
estingly, the degree to which PICK1 aaesynuclein interact is unknown. Impor-
tantly, familial PD has been associated with two independent autosomal dominant
missense mutations insynuclein (74, 75). Although-synuclein is a major com-
ponent of Lewey bodies, the pathological hallmark of PD, itis possible that certain
facets of increased susceptibility to DA neurodegeneration in individuals carrying
the mutant gene is due to altered DAIsynuclein interactions (see below).

We have previously cloned ti& elegan®AT, DAT-1 (76). Itis a 615-residue
polypeptide that is highly homologous to the mammalian DATs (45% amino
acid identity), with 12 predicted transmembrane domains and multiple predicted
N-glycosylation sites (77). We have expressed DAT-1 in mammalian cells, and sim-
ilar to its mammalian ortholog, DAT-1 exhibits saturable and high-affinity!-Na
and Cl-dependent DA transporKm=1.2 uM) (76, 77). Transport of DA by
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transfected DAT-1 is also potently inhibited by the mammalian DAT antagonist co-
caine, nomifensine, and GBR 12909, and the agonistamphetamine (76—78). DAT-1
also exhibits high affinity for tricyclic antidepressants such as imipramine and the
more norepinephrine transporter (NET)-selective antagonists, such as nisoxetine.
Like its mammalian counterpart, DAT-1 is also expressed exclusively in DA neu-
rons (2, 3). We developed transgenic lines that contain 0.7 Kb of the sequence
immediately upstream of DAT-1 fused to coding sequences of the green fluores-
cent protein (GFP) (2). This construct results in the specific expression of GFP in
all eight DA neurons (Figure 1) in the hermaphrodite as well as the three pairs of
the DA neurons in the male tail (3). The GFP expression level is intense, allowing
for direct visualization of the neurons in live animals as they move underneath
the objective of a fluorescent dissecting microscope. We have also generated a
translational GFP fusion (B.1::DAT-1::GFP) that results in a similar expression
pattern, though the coincidence of this expression pattern with endogenous DAT-1
remains to be validated (3). Studies are currently underway to compare alternative
GFP fusions and to identify native patterns of DAT localization using site-specific
DAT-1 antibodies.

DOPAMINE, DOPAMINE TRANSPORTER,
AND PARKINSON’S DISEASE

We have recently considered how the presence of DA neuro@sefegansnay

be useful in modeling DA and DAT regulation and provide opportunities for PD
research (2). PD results from the loss of greater than 80% of the DA neurons
within the substantia nigra pars compacta (SNpc). It is the second most prevalent
neurodegenerative disorder, affecting 1% of the population over 55 years (79).
Although the specific etiology of PD is unknown, abundant pathological data
suggests that oxidative stress and mitochondrial dysfunction play a role in the
DA neuron degeneration (80, 81). DA itself may be an endogenous neurotoxin,
clarifying the specificity of DA neuron vulnerablility seen in PD. Several studies
have shown that the highly reactive DA molecule can cause striatal neuronal death
bothinvitro and in vivo in a variety of organisms (82, 83). DA can be oxidized by at
least two independent pathways. It can be oxidized enzymatically by monoamine
oxidase to produce the relatively inert metabolites HVA and DOPAC, and it can
be nonenzymatically auto-oxidized to produce highly reactive quinones and the
superoxide radical. Both pathways also produce hydrogen peroxide, which in the
presence of transition metals, such as iron (which is found in higher abundance in
PD substantial nigra, possibly due to abnormal ferritin metabolism), can further be
oxidized to the highly reactive hydroxyl radical (82, 83). Several studies suggest
these reactive oxygen species (ROS) and quinones could be major contributors to
the DA neuron cell death because of their ability to cause protein denaturation,
lipid peroxidation, and DNA damage (82, 83). DA has also been proposed to
cause cellular death via calcium channel activation in a DA receptor-dependent
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mechanism (82, 84). Finally, DA can confer toxicity to the DA neurons via catechol
hydroxylation to form 6-OHDA (see below) (83).

Exposing the SNpcin rodents and mammals to neurotoxins that cause DA neuro-
degeneration is the most commonly utilized animal model for PD. Vertebrate ex-
posure to the neurotoxins 6-OHDA, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), 1-methyl-4-phenylpyridinium ion [MRP (the active metabolite of
MPTP)], or the insecticide rotenone causes SNpc DA neuronal death within several
weeks, and the animals exhibit many of the same symptoms as PD (81, 85, 86).
6-OHDA lesioning of nigrostriatal neurons is a particularly intriguing model for
PD, because 6-OHDA may be an endogenous neurotoxic metabolite of DA causing
or contributing to the disease. The toxin has been identified in untreated rat brains,
as well as in brains and urine of PD patients (87—-90). It has been proposed that
the in vivo production of 6-OHDA occurs via a nonenzymatic reaction between
DA, hydrogen peroxide, and free iron at physiological concentrations and that this
reaction may be more likely to occur in the highly oxidizing environment of DA
neurons (90, 91). The substantia nigra, with its large stores of iron, may provide
the catalyst for 6-OHDA production (83, 92). Furthermore, 6-OHDA could be
generated in this environment in the presence of DA by either free nitrite ions or
manganese (93, 94). 6-OHDA generates an increase in the production of hydro-
gen peroxide and free radicals, including the superoxide ion and hydroxyl radical
(95, 96). These ROS are likely generated through the nonenzymatic breakdown of
6-OHDA and/or the direct inhibition of complex | and IV of the mitochondrial
electron transport chain (87, 95, 97). The resulting ROS production leads to lipid
peroxidation, protein denaturation, and a decrease in reduced glutathione, which
are similar hallmarks found in postmortem PD patients (80, 81).

The specificity of 6-OHDA for the DA neurons lies in its affinity for DAT (54,

55, 87, 98-101). DAT antagonists can block cellular uptake of the neurotoxins
both in vivo and in vitro (87, 99-101; R. Nass, unpublished data). Whether DAT
expression is important for human PD is unknown; however, DA neurons of the
substantia nigra that express the highest levels of DAT in vivo are most affected in
PD, whereas the mesencephalic and hypothalamic DA systems that express lower
levels of DAT are less severely compromised (52,102). Becaus€.teéegans
DAT-1 is both structurally and functionally similar to mammalian DATs, we
asked whether DAergic neurotoxins could gain access to the worm DA neu-
rons and effect their degeneration. Indeed, we found that brief (1 h) exposure
of worms to 6-OHDA results in a time- and concentration-dependent loss of
DA neuron GFP fluorescence (Figure 3) (R. Nass, unpublished data) (3).
Moreover, coincubation of worms with either of two inhibitors of DAT-1, imipra-
mine or D-amphetamine, completely blocked the 6-OHDA effects (3). Using a
dat-1loss-of-function strain generated by J. Rand and J. Duerr [Oklahoma Med-
ical Research Foundation (OMRF), Oklahoma City, Oklahoma], we found that
DAT-1 is required for the 6-OHDA effects (Figure 3) (3). Furthermore, using
other lines exhibiting GFP labeling in other neurons (i.e., lacking DAT), we
found that the effects are selective for the DA neurons (3). The establishment
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and initial characterization of o@. elegansnodel of DA neurodegeneration pro-
vides an opportunity to explore fundamental questions concerning the regulation
of DAT-1. The 6-OHDA sensitivity of the DA neurons also provide an opportu-
nity to examine the role various endogenous and exogenous compounds, as well
as proteins involved in the biosynthetic pathways of DA neurotransmission, may
play in normal DA neuron function and disease.

USING C. ELEGANS TO EXAMINE THE
REGULATION OF DAT-1

The ability to observe live DA neurons in the living worm, to utilize a translational
DAT-1::GFP (or CFP or YFP) fusion protein to follow DAT expression levels
and localization, and the DAT-1 dependence of the 6-OHDA sensitivity, provide a
unique opportunity to explore the structure, function, and regulation of the DAT.
Trafficking-based regulation of DAT and the regulation of DA synaptic transmis-
sion are poorly understood, but they are under increasing scrutiny as modes by
which to localize and control DA clearance (51). DATs also appear to reside,
both at the plasma memebrane and intracellularly, in tubulovesicular structures
that may represent intermediate trafficking compartments (50). Whether this com-
partment shares synaptic vesicle components is unknown. Transporters related
to DATs appear to reside at steady-state, largely in synaptic vesicle-like struc-
tures (103, 104). All known proteins required for neurotransmissi@h iglegans

have homologs in mammalian systems, and well over two dozen mutant proteins
that localize to the synapse have been identified (22). Fluorescently-tagged DAT-
1-expressing animals (e.g.q¢a::DAT-1::GFP) can be mated with animals that
contain mutations within specific synaptic-targeted proteins to determine in vivo
whether these genes may play arole in DAT localization and function. For example,
the DAT-1 translational fusion can be crossed intouhe-104or unc-116lines,

which contain mutations within synaptic vesicle motor proteins (105, 106). These
kinesin-like molecules are responsible for the transport of a number of synaptic
vesicle—associated proteins to synapses, and mutations within these genes accu-
mulate proteins within the neuronal somas (105, 107-109). KIF1A and KIF1B, the
mammalian orthologues of UNC-104 and UNC-16, respectively, are also involved
in transport of synaptic vesicles to neuronal processes (110, 111). DAT-1::GFP
localization can be compared in WT and mutant backgrounds to determine if
DAT-1 requires these proteins for proper localization. The sensitivity of these lines
to 6-OHDA can also be utilized to determine if DAT-1 function is altered; de-
creased toxin sensitivity would suggest a failure of DAT-1 to reach or be retained
atthe plasma membrane. Furthermore, vighlelegandines exist with mutations

in the soluble N-ethylmaleimide-sensitive attachment protein receptor complexes
(v- and t-SNARE),unc-18 andunc-64syntaxin, which are all proteins that are
highly conserved with mammals in synaptic vesicle fusion and plasma membrane
protein regulation (22,112, 113). Recently, syntaxin was also shown to directly
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down-regulate the GABA transporter GAT1, a member of the DAT family of-Na

and ClI-dependent neurotransporters (114). Our translational DAT-1::GFP fusion
strain can be crossed into these lines to explore DAT-1 plasma membrane and
subcellular localization, regulation, and function.

Mammalian DATSs are the target of multiple psychoactive drugs, including the
DAT substrate amphetamine and antagonist cocaine. DA neuronal exposure to am-
phetamine has been reported to cause an internalization of DAT, whereas exposure
to cocaine increases DAT on the cell surface (115, 116). The proteins involved
in this trafficking modulation are not known; monitoring DAT-1 localization in
various synaptic mutant backgrounds could yield insight into this phenomena. As
noted, mammalian DATs have been shown to physically interact with two pro-
teins, PICK-1 and-synuclein, to effect DAT clustering on the plasma membrane
and increase DA transport (see above) (72, Z3klegansontains a homolog to
the mammalian PICK1 (Y57G11C.22, 48% AA identity); colocalization studies
of PICK1 by fluorescently tagging the protein could help elucidate its regulatory
role in vivo and whether sensitivity to 6-OHDA is influenced under normal and
oxidizable (6-OHDA) conditions.

SCREEN FOR NOVEL GENES INVOLVED IN
DAT-1 REGULATION AND CELL DEATH

Forward genetics provides an opportunity to search for novel genes involved in
DAT regulation and DA neurodegeneration (2,117). The power of a forward ge-
netic screen is that no prior knowledge is necessary concerning the function of the
gene in order to identify it as part of a particular regulatory pathway; the only re-
guirement is that the gene is necessary for the phenotype that is assayed. Typically
in this type of screen, older worm larvag)Bre exposed to a mutagen at a stage of
development when the number of germ-line nuclei is at its highest concentration,
which ensures the maximum number of mutagenized gametes (118). Following
mutagenesis, the eggs frorg &imals develop into Fadults that are allowed to
self-fertilize to produce Fprogeny. The Fprogeny, in which recessive mutations
can now be identified because of their homozygosity, are screened for disruption of
behavioral, morphological, or biochemical phenotypes that reflect interference of
normal physiological processes. The animals that contain mutant alleles can then
be quickly mapped and identified as a protein necessary in the regulatory process.
We are now in the initial stages of a forward genetic screen using our
DAT-1::GFP reporter line to identify molecules involved in DAT regulation and
6-OHDA-induced DA neuronal death. Second generation progesy{futa-
genized animals are being screened for their retention of GFP in the DA neurons
following exposure to 6-OHDA. Animals with DA neurons that are insensitive
to the neurotoxin could have mutations within DAT or DAT regulatory proteins
(Figure 4), for example, which do not allow DAT to efficiently transport
the toxin into the cell or localize DAT to the plasma membrane (2).
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Alternatively, we envision that a mutation could exist within a cell death pathway
that is involved in the toxin-induced neurodegeneration and that could inhibit the
onset of neuronal death (see below) (2). Our pilot screen has yielded several dozen
mutants that maintain varying degrees of DA neuronal resistance to 6-OHDA.
Some of these lines, which are as much as 100% tolerant to the toxin, contain mu-
tations within DAT. The identification of DAT mutants provides proof-of-concept
that we should be able to isolate mutations within genes required for proper DAT
regulation or genes involved in DA neurodegeneration. We also expect that these
lines with mutations in DAT may be able to provide us with insight into critical
regions and residues supporting DA transport. A recent study, such as those by
Vasudevan et al. (119), with a nucleoside transporter demonstrates how forward ge-
netic approaches can yield insights into facets of substrate translocation pathways
(119). Proteins involved in DA production or breakdown may also be identified
if cellular concentrations of DA play a role in DAT cell surface expression, reg-
ulation, or vulnerability to ROS-induced cell death (51, 82). To this end, DA and
ROS have been reported to affect the regulation of DAT (51). In order to determine
if DA may also play a role in 6-OHDA-induced DA neuron degenerations, we
have crossed our DAT-1::GFP reporter line into mutant lines deficient in DA. Our
preliminary results reveal that animals containing lower amounts of DA are more
resistant to the toxin; whether this is directly due to a reduction in DAT expression
or an overall reduction in ROS-mediated cellular damage due to the loss of DA is
not yet clear. Nonetheless, these results are consistent with mammalian studies that
suggest that DA itself may mediate the vulnerability of DA neurons to degeneration
(82, 83).

Although this model provides significant possibilities for isolating regulators
of DAT-1, the screen could miss identifying some proteins involved in proper
DAT function. If the protein is required for viability, a loss-of-function mutation
precludes isolation by classical means, although the existence of genetic balancers
still allows for isolation of these mutations (120). Also, the loss of a regulator
of DAT may be missed due to other existing orthologues or other proteins that
could compensate for the functional loss of the gene in the worm. Fortunately
C. elegansoften contains only a single locus of a particular gene, allowing for
the identification of many genes in biochemical pathways without the interfering
aspect of genome redundancy (21).

CELL DEATH AND PARKINSON’S DISEASE

As stated above, our system should also allow for the identification of genes in-
volved in 6-OHDA-induced DA neuron degeneration and cell death pathways
reminiscent of PD. The two main types of cell death that can occur during nor-
mal development and disease are apoptosis and necrosis (121, 122). Both forms
of cell death are morphologically distinct. Apoptosis results in cell shrinkage,
nuclear fragmentation, and the formation of apoptotic bodies, whereas necrosis
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typically features cell and mitochondrial swelling, cell rupture, and inflammation
(122). There are atleast two main types of apoptosis—caspase-dependent (classical
apoptosis) and caspase-independent (see below). Caspase-dependent apoptosis |
the most studied form of programmed cell death that has been identified in inverte-
brates and mammals (123). This apoptotic cell death pathway is strongly conserved
betweerC. elegansand humans (124). Indeed, the molecular components in clas-
sical apoptosis were first identified in the worm (123). The BH3-domain protein
EGL-1 triggers apoptosis by interacting with CED-9I{adeath abnormal), the
mammalian proto-oncogene Bcl-2 homologue. CED-9 is released from the CED-
3/CED-4 complex (homologous to the mammalian Caspase-9/Apaf-1 complex) at
the mitochondria, and CED-4 translocates to the nuclear envelope where CED-3
is activated and initiates the breakdown of critical cellular components, resulting

in cellular death (125, 126).

The mechanism of cell death in PD remains to be elucidated. Indeed, whether
classical apoptosis or necrosis play a central role in DA neurodegeneration in PD
remains controversial (83, 127, 128). Compared with controls, there are not signifi-
cant differences in the number of apoptotic bodies, TUNEL-positive cell bodies, or
the immunohistochemical patterns or expression levels of the late-stage apoptosis
specific protein (ASP) c-Jun/AP-1, nor Bcl-2, or caspase-3 (127, 128). Further-
more, morphological characteristics of apotosis or necrosis, including chromatin
condensation, nuclear fragmentation, or cell shrinkage or swelling are not readily
apparent (127, 128). Confounding the problem in determining the mechanism of
cell death in PD, however, is the apparent long, slow rate of degeneration that
occurs within the nigra (at least before the idiopathic form of the disease manifests
itself), the relatively quick rate of the apoptotic process (at least in experimental
models), the normal background of neuronal cells dying via apoptosis, and the
relative small number of cells that are dying at any given time (127-129).

In vivo and in vitro toxin-induced model studies of PD indicate either apoptosis
or necrosis depending on the particular type of toxin to which the animal or culture
systemis exposed. Mostin vivo and in vitro DA- or 6-OHDA-exposure experiments
suggest an apoptotic form of cell death, whereas MBIPTP indicate necrotic
cell death (130, 131). The pesticide rotenone has been implicated in both apoptotic
and necrotic cell death (132—-134).

Because classical apoptosis and necrosis are well-defined evéntslegans
we asked whether either of these forms of cell death could be involved in the
6-OHDA-induced degeneration of DA neurons in the worm. Electron microscopy
analysis of 6-OHDA-treated worms suggests that the DA neuron degeneration
does not occur through a necrotic mechanism because the degenerating cells did
not display any swollen organelles or swollen cell bodies or membranous whorls
(acharacteristic of necrotic cell deathGnelegany(135). The only morphological
changes we found relative to the control animals were small, dark, and rounded
DA neuronal cell bodies and loss of dendritic endings (without apparent collateral
cellular damage), which is most indicative of apoptosis (3, 135). We then crossed
our DAT-1::GFP reporter into strains deficient for the cell death gerds3and



534

NASS = BLAKELY

ced-4and found the sensitivity to 6-OHDA to be indistinguishable from the lines
that do not contain theedmutations, which indicates that cell damage here does
not involve the classical apoptotic pathway utilized for programmed cell death (3).
These results are intriguing because they are consistent with the observations found
in postmortem PD patients and could provide a model of DA neurodegeneration
that occurs in vivo (127, 128).

If a ced-3ced-4linked pathway is not involved in 6-OHDA induced neural
degeneration, what molecular pathways may be involved in the 6-OHDA-induced
cell deathT. elegangontains three other caspase-related (@gmEse homolog)
genes that could play a role in the cellular death. csp-1, csp-2, and csp-3 encode a
total of seven transcripts in which a clear function in vivo has not been assigned
(136). It could be that one or more of these caspases play a role in ROS-mediated
cellular degeneration or, specifically, in DA neurodegeneratibrelegansalso
contains a homologue to the mammalian caspase-independent death effector, apop-
tosis inducing factor (AIF) (GenBank accession number U50301) (137). Studies
with mammalian AlFs show that following exposure to cell death stimuli, AIF
translocates from the mitochondria to the nucleus where it initiates the breakdown
of DNA, causing chromatin condensation and conferring cellular death (138, 139).
The putativeC. elegan®rthologue is 56% similar (25% identical) to the human en-
zyme, contains a mitochondria localization domain, and like the mammalian gene,
has significant homology with oxidoreductases (137). Considering that 6-OHDA
can cause a dramatic increase in oxidative stress in the mitochondria and cyto-
plasm, the death effector could play a role in the 6-OHDA-mediated DA neuron
degeneration (3).

FUTURE DIRECTIONS

C. elegansprovides an opportunity to characterize potential human regulators
of DAT and gain insight into the roles they may play in human disease (140).
Mammalian proteins associated with diseases can compliment their endogenous
function in invertebrate systems, suchlaxssophila melanogastesr C. elegans

and recapitulate many aspects of their cellular function and pathology or behavior;
examples include genes involved in polyglutamine disorders (Huntington’s disease
and Spinocerebellar Ataxias), Alzheimers, and prion disease (5, 141). Human WT
and mutanty-synuclein, a major component of Lewey bodies, have also been ex-
pressed in DA neurons within the fly, and similar to its human counterpart, these
animals display adult-onset DA neurodegeneration, filamentous intraneuronal in-
clusions, and progressive locomotor dysfunction (5, 142). Interestingly though,
there does not appear to be a difference in the rate or severity of the degeneration
found in the transgenic animal expressing the mutant form. Presently, it is not
clear if «-synuclein inclusion contributes to or is a result of the degeneration. As
a-synuclein is a proposed DAT regulator, expression studies of human WT and
mutante-synuclein in the worm could provide significant insight into the role
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this protein plays both in DAT regulation and neurodegeneration (74, 75). It will
be important to determine whether the mutant formae$ynuclein preferen-
tially causes an increase in DA neurodegeneration relative to WT and whether
an increase in sensitivity is due to altered interactions with DAT and/or inclu-
sion body formation. Mutant:-synuclein has also been shown to cause an
increase in DA toxicity in vitro (143); examination within DA deficient lines
will assist in elucidating the role DA plays in the vulnerability of the neurons
to degeneration in vivo. Moreover, it will be important to test whether mutant
a-synuclein lines are more sensitive to 6-OHDA-induced DA neurodegeneration,
further suggesting the role af-synuclein in oxidative stress-induced cell death.
To this end, in collaboration with G. Wong at the A.l. Virtanen Institute for
Molecular Sciences in Kuopio, Finland, we are examining humaynuclein-
expressing worm lines for altered DAT expression, localization, and 6-OHDA
sensitivity.

Expression of the human parkin gene, which is linked to an autosomal recessive
juvenile form of PD, is also widely expressed in DA neurons, suggesting that facets
of DA physiology intersect with mutant alleles to lead to DA neuron vulnerability
(144, 145). Recent biochemical studies indicate that parkin may participate in the
ubiquitin-proteosome pathway of protein degradation as a ubiquitin ligase (145).
Interestinglyp-synuclein appears to be normally degraded by a proteosomal path-
way, suggesting a link between the known causes of familial PD in the formation
of a-synuclein aggregates and pathways that may be altered by oxidative stress.
C. eleganslso contains an orthologue to parkin (Wormpep, KO8E3.7), with 53%
similarity to the human gene (141); isolation of a worm parkin knockout line or
expression of mutant human parkin genes in the worm could provide valuable
insights into the role it may play in DA neurodegeneration.

As noted, the transcriptional and translational DAT-1::GFP reporter lines pro-
vide an opportunity to explore the role that drugs of abuse and environmental
toxins may play in DAT regulation and vulnerability to DA neuron degeneration
in vivo. Altered DAT trafficking and plasma membrane density has been pro-
posed to play a role in cocaine and amphetamine toxicity and in neurological
disorders such as PD and ADHD, although the precise mechanisms are not clear
(51, 116, 146). DAT trafficking can be followed in real time following exposure
to the drugs of abuse, and suppressor screens to identify proteins that alter DAT
trafficking following drug exposure can be exploited to identify possible proteins
involved in DA-mediated behaviors, such as reward and addiction. Furthermore,
because environmental agents continue to lie at the forefront of explanations for
idiopathic PD (147), exposure of WT or mutant worms with genetic backgrounds
deficient in DA biosynthesis or metabolism or ROS protecting proteins (e.g., su-
peroxide dismutase) to suspected pesticides, fungicides, or other xenobiotics will
likely yield important clues to the role these compounds play in the vulnerability
of DA neurons to degeneration.

Finally, we envision that the nematode model will allow the establishment
of a high-throughput screen (HTS) for agents that can efficiently protect against



536 NASS = BLAKELY

6-OHDA-induced neural degeneratidd. elegansan easily be grown in liquid
medium in standard 96- and 384-well microtitre plates (148). These microcultures
allow for rapid screening of animals with particular behavioral phenotypes, or
optical properties. The high conservation of genes between mammals and worms
suggest that the worm is a valid model for neuroprotective drug discovery (149).
Indeed, the worm is already known to be sensitive to a wide range of human neu-
roreactive drugs, including acteylcholine receptor agonsist [e.g., levamisole and
nicotine (150, 151)], anesthetics [e.g., halothane (152)], cholinesterase inhibitors
[e.g., aldicarb (153)], caffeine (154), serotonin-related [e.g., imipramine and flu-
oxetine (38, 155)], GABA-related muscimol (156), and dopamine-related [cocaine
and amphetamine (76)] compounds. Though inherently simple, the nematode of-
fers arich array of conserved molecular targets whose manipulation may prove of
benefit to halt or perhaps prevent DA neuron degeneration.

The Annual Review of Pharmacology and Toxicolody online at
http://pharmtox.annualreviews.org
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Figure 1 Visualization of all eight DA neurons in living, adulC. elegans
hermaphrodites using DAT-1::GFP transcriptional fusioa¥.3(D reconstruction of
confocal epifluorescence from head DA neurons iaPGFP transgenic line. Ar-
rows identify CEP and ADE processes. NR refers to the nerve ridIC image

of animal in paneld). (c) Schematic drawing showing location of DA neurons in the
head relative to the pharynx. In this top view, two pairs of CEP neurons (red) project
dendritic endings to the tip of the nose and one pair of ADE neurons (blue) extend
ciliated processes to amphids adjacent to the terminal bulb of the phad)n®-0
reconstructions of confocal epifluorescence of the PDE neurons. Both PDE cell bodies
are apparente] DIC image of animal in panetl). (f) Schematic drawing showing left
hand member of pair of PDE neurons (green) in lateral location posterior to vulva. All
scale bars= 25 um. Anterior is to the left. See Reference (3) for details. Reproduced
with permission from PNAS (3).
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Figure 2 Schematic model of &. elegansDA neuron containing known and
predicted genes involved in DA biosynthesis and metabolism. Genetic mutants are
indicated in italics. All protein locations are putative. TH, tyrosine hydroxylase;
GTPCH, GTP cyclohydrolase; AAAD, aromatic L-amino acid decarboxylase; MAO,
monoamine oxidase; VMAT, vesicular monoamine transporter; DAT-1, dopamine
transporter; CeDOP1, D1-like DA receptor; COMT, cachol-O-methyltransferase.
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Figure 4 Predicted DAT-1 affected mutants generated from our 6-OHDA dependent
DA neurodegeneration screen. The screen could yield mutants affecting DAT-1 traf-
ficking (a), recycling from synaptic vesicles to the plasma membraheof activity
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