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Levodopa is the most effective medication for motor symptoms in Parkinson’s

disease. However, various motor and non-motor complications are associated with

levodopa treatment, resulting from altered levodopa-dopamine metabolism with disease

progression and long-term use of the drug. The present review emphasizes the role of

monoamine transporters other than the dopamine transporter in uptake of extracellular

dopamine in the dopamine-denervated striatum. When dopaminergic neurons are

lost and dopamine transporters decreased, serotonin and norepinephrine transporters

compensate by increasing uptake of excessive extracellular dopamine in the striatum.

Organic cation transporter-3 and plasma membrane monoamine transporter, low affinity,

and high capacity transporters, also potentially uptake dopamine when high-affinity

transporters do not work normally. Selective serotonin reuptake inhibitors and serotonin

norepinephrine reuptake inhibitors are often administered to patients with Parkinson’s

disease presenting with depression, pain or other non-motor symptoms. Thus, it is

important to address the potential of these drugs to modify dopamine metabolism and

uptake through blockade of the compensatory function of these transporters, which

could lead to changes in motor symptoms of Parkinson’s disease.
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INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disease associated with progressive loss of
nigrostriatal dopaminergic neurons. A patient with PD presents motor symptoms such as tremor,
akinesia, hypokinesia, rigidity, and postural disturbance, and non-motor symptoms such as pain,
sleep disturbance, apathy, depression, and constipation (Jankovic, 2008). Levodopa is the most

Abbreviations: 3-MT, 3-methoxytyramine; 3-OMD, 3-O-methyldopa; 6-OHDA, 6-hydroxydopamine; AADC, aromatic
amino acid decarboxylase; ALD.DH, aldehyde dehydrogenase; COMT, catechol-O-methyltransferase; D-22, decynium-
22; D2R, dopamine D2 receptor; DA, dopamine; DAT, dopamine transporter; DCI, dopa-decarboxylase inhibitor;
DOPAC, dihydroxyphenylacetic acid; DOPALD, dihydroxyphenylacetaldehyde; DR, dopamine receptor; HVA, homovanillic
acid; MAO, monoamine oxidase; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NET, norepinephrine transporter,
noradrenaline transporter; OCT, organic cation transporter; PD, Parkinson’s disease; PMAT, plasma membrane monoamine
transporter; SERT, serotonin transporter; SLC, solute carrier; SNRI, serotonin norepinephrine reuptake inhibitor; SSRI,
selective serotonin reuptake inhibitor; VMAT-2, vesicular monoamine transporter-2.
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effective drug to alleviate motor symptoms of PD (Mercuri
and Bernardi, 2005; Smith et al., 2012); however, levodopa-
induced motor and non-motor complications occur with long-
term use of the drug (Aquino and Fox, 2015; Beaulieu-Boire
and Lang, 2015). Levodopa-induced complications are mainly
due to altered levodopa-dopamine metabolism in the brain and
the narrowing of the therapeutic window in patients with PD
(Olanow and Obeso, 2000; Pavese et al., 2006). Striatal function
targeted by levodopa is deeply involved with levodopa-associated
motor complications such as wearing-off and levodopa-induced
dyskinesia (de la Fuente-Fernández et al., 2004). Detailed
mechanisms of levodopa-dopamine metabolism in the striatum
of patients with PD are far from evident yet, however, a number
of studies have shed light on this issue using animal models of PD
and human subjects.

In the peripheral system (Figure 1), levodopa administered
systemically, whether oral or intravenous, undergoes
decarboxylation by aromatic amino acid decarboxylase (AADC)
and is converted to dopamine. Peripheral dopamine cannot
cross the blood-brain barrier and enter the brain (Nutt et al.,
1985; Cedarbaum, 1987). Some administered levodopa is
O-methylated by catechol-O-methyltransferase (COMT) and
converted to 3-O-methyldopa (3-OMD), which does not work
as a dopaminergic neurotransmitter in the striatum (Kaakkola,
2000). The remaining levodopa can cross the blood-brain barrier
and reach the central nervous system. In the normal striatum,

FIGURE 1 | Schematic diagram showing metabolism and uptake of levodopa-derived dopamine. Levodopa therapy is usually combined with a

dopa-decarboxylase inhibitor (carbidopa or benserazide) in order to minimize peripheral conversion of levodopa. 3-MT, 3-methoxytyramine; 3-OMD, 3-O-methyldopa;

AADC, aromatic amino acid decarboxylase; ALD.DH, aldehyde dehydrogenase; BBB, blood–brain barrier; COMT, catechol-O-methyltransferase; DAT, dopamine

transporter; DCI, dopa-decarboxylase inhibitor; DOPAC, dihydroxyphenylacetic acid; HVA, homovanillic acid; MAO, monoamine oxidase; NET, norepinephrine

transporter, noradrenaline transporter; OCT-3, organic cation transporter-3; PMAT, plasma membrane monoamine transporter; SERT, serotonin transporter.

levodopa is metabolized, released, and reuptaken mainly by
dopaminergic neurons. Dopaminergic neurons convert levodopa
into dopamine by AADC, and store dopamine in the synaptic
vesicles by vesicular monoamine transporter-2 (VMAT-2;
Wimalasena, 2011), and release dopamine to the synaptic cleft.
Dopamine transporters (DAT) are expressed at terminals of
dopaminergic neurons (Nirenberg et al., 1996) and reuptake
extracellular dopamine for reuse or metabolization (Cass et al.,
1993; Cass and Gerhardt, 1994; Giros et al., 1996; Jaber et al.,
1997; Mundorf et al., 2001; Rice et al., 2011). With DAT and
negative feedback by D2 dopamine receptors (Rice et al.,
2011), dopaminergic neurons can control the concentration of
extracellular dopamine levels (Figure 2A).

When dopaminergic neurons projecting to the striatum
are markedly decreased in PD, serotonergic neurons play a
significant role in converting exogenous levodopa into dopamine,
storing dopamine, and releasing dopamine into synapses in
the striatum (Ng et al., 1970, 1971; Hollister et al., 1979; Arai
et al., 1994, 1995, 1996; Tanaka et al., 1999; Kannari et al.,
2001; Maeda et al., 2003, 2005; Politis et al., 2010; Cheshire
and Williams, 2012; Politis et al., 2014; Figure 2B). However,
serotonergic neurons do not have dopamine D2 receptors; the
absence of negative feedback allows uncontrolled synthesis and
release of dopamine from serotonergic neurons. Furthermore,
because serotonergic neurons do not express DAT, they cannot
reuptake dopamine from the synaptic cleft efficiently. Non-
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FIGURE 2 | Model illustrating the processes of levodopa-dopamine metabolism and uptake. (A) Normal striatum (B) Dopamine-denervated striatum. Note

that MAO-A localization is unclear. A study suggests MAO-A is mainly expressed in medium spiny neurons, rather than in axon terminals in the striatum. Serotonergic

neurons express MAO-B in their cell bodies, however, it is still unclear whether the neurons express MAO in axon terminals. OCT-3 also exists in neurons, however the

specific subtype is unknown. PMAT is illustrated at the astrocyte membrane according to one recent study (see text), although its localization is not certain yet. 3-MT,

3-methoxytyramine; 3-OMD, 3-O-methyldopa; AADC, aromatic amino acid decarboxylase; ALD.DH, aldehyde dehydrogenase; COMT, catechol-O-methyltransferase;

D2R, dopamine D2 receptor; DA, dopamine; DAT, dopamine transporter; DCI, dopa-decarboxylase inhibitor; DOPAC, dihydroxyphenylacetic acid; DOPALD,

dihydroxyphenylacetaldehyde; DR, dopamine receptor; HVA, homovanillic acid; MAO, monoamine oxidase; NET, norepinephrine transporter, noradrenaline

transporter; OCT, organic cation transporter; PMAT, plasma membrane monoamine transporter; SERT, serotonin transporter; VMAT-2, vesicular monoamine

transporter-2.
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regulated release of dopamine induces pulsatile fluctuations of
extracellular dopamine concentrations in the striatum, leading
to motor complications in advanced PD patients such as
levodopa-induced dyskinesia (Olanow and Obeso, 2000; Pavese
et al., 2006; Cheshire and Williams, 2012; Politis et al.,
2014).

Dopamine in the striatum is metabolized by monoamine
oxidase (MAO)-A,MAO-B, aldehyde dehydrogenase (ALD.DH),
and COMT into homovanillic acid (HVA; Kaakkola, 2000; Gesi
et al., 2001; Figure 1). In the striatum, MAO-A exists at the
outer membrane of mitochondria in the axon terminals of
catecholamine neurons (Westlund et al., 1993) or in medium
spiny neurons (Sader-Mazbar et al., 2013). The majority of
MAO-B is detected in astrocytes in the brain (Levitt et al.,
1982; Westlund et al., 1985; Ekblom et al., 1993; Sader-
Mazbar et al., 2013). Some MAO-B activity is detected
in medium spiny neurons (Sader-Mazbar et al., 2013) and
perikarya of serotonergic neurons (Levitt et al., 1982; Arai
et al., 1998, 2002). COMT is primarily expressed in glial
cells, and some in postsynaptic cells (Männistö and Kaakkola,
1999; Kaakkola, 2000). Soluble COMT exists in striatal glial
cells, whereas membrane-bound COMT exists in postsynaptic
neurons and non-neuronal cells (Kaakkola et al., 1987).
Dopamine is metabolized into dihydroxyphenylacetaldehyde
(DOPALD) via MAO-A or MAO-B. DOPALD is converted to
dihydroxyphenylacetic acid (DOPAC) by ALD.DH, which is
finally metabolized into HVA by COMT. COMT in the central
nervous system converts dopamine into 3-methoxytyramine (3-
MT), which is then metabolized into HVA via MAO (Männistö
and Kaakkola, 1999; Kaakkola, 2000; Figures 1, 2A,B).

Extracellular dopamine is reuptaken into neurons or glial
cells to be metabolized by MAO and COMT as described
above, or to be reused. Despite a >70% striatal DAT loss
in a PD model rat, dopamine uptake decreases only 25%,
and dopamine uptake per remaining DAT protein increases
as DAT loss approaches 99% (Chotibut et al., 2012). This
can be explained by high affinity of DAT for dopamine
and enough capacity to transport available dopamine in the
striatum, however, an alternate explanation is that transporters
other than DAT compensate for DAT loss. Recent studies
have demonstrated that serotonin transporters (SERT) and
norepinephrine transporters (NET) have a greater role in
reuptake of extracellular dopamine in the highly dopamine-
denervated striatum where DAT is also lost (Chotibut et al.,
2012). Thus, it is probable that selective serotonin reuptake
inhibitors (SSRI) and serotonin and norepinephrine reuptake
inhibitors (SNRI), which are often administered to PD
patients in clinical practice, can influence the motor effects of
levodopa.

The aim of this review is to summarize recent advances in
understanding the role of high-affinity transporters, SERT, and
NET, in reuptake of extracellular dopamine in the striatum. It
will also address low affinity and high capacity transporters,
organic cation transporter-3 (OCT-3), and plasma membrane
monoamine transporter (PMAT) in the striatum, which can
also reuptake extracellular dopamine and are gaining increasing
attention.

THE ROLE OF SEROTONIN
TRANSPORTERS IN REUPTAKE OF
DOPAMINE IN THE
DOPAMINE-DENERVATED STRIATUM

SERT has a high affinity for serotonin uptake and the
majority of these transporters exist on the axonal plasma
membranes of serotonin fibers (Zhou et al., 1998). SERT
can also transport norepinephrine and dopamine, particularly
at high dopamine concentrations (Vizi et al., 2004; Larsen
et al., 2011). In a parkinsonian model rat brain in which
DAT is absent, levodopa-derived excessive dopamine can be
taken up by serotonergic neurons via SERT (Kannari et al.,
2006). In a study using a 6-hydroxydopamine (OHDA)-lesioned
hemiparkinsonian rat and microdialysis tecnique (Kannari
et al., 2006), acute local perfusion of the SSRI fluoxetine in
the striatum increases levodopa-derived extracellular dopamine
levels. Conversely, the same research group demonstrated that
acute systemic administration of fluoxetine decreases levodopa-
derived extracellular dopamine levels in the striatum of the same
rat model (Yamato et al., 2001). They discussed that systemic
administration of fluoxetine mainly increases extracellular
serotonin at the dorsal raphe nucleus, activating 5-HT 1A
autoreceptors; this results in reduced activity of serotonergic
neurons, including those sending efferent fibers to the striatum,
and reduced release of levodopa-derived dopamine from the
serotonergic nerve terminals (Yamato et al., 2001).

Bishop et al. demonstrated that acute systemic administration
of SSRIs, paroxetine, citalopram or fluoxetine, to 6-OHDA-
lesioned hemiparkinsonian rats attenuates dyskinesia-like
behavior without reducing the anti-parkinsonian effect of
levodopa (Bishop et al., 2012). In this study, SSRIs had no effect
on apomorphine-induced abnormal involuntary movements,
suggesting that SSRIs modify the effects of levodopa-derived
dopamine. They also examined tissue dopamine content in the
dopamine-denervated striatum after levodopa and citalopram
treatment, showing no significant changes compared with
levodopa treatment. Effects of acute systemic SSRI treatment
on striatal levodopa-derived dopamine levels are different
between the study of Yamato et al. (decrease) and that of Bishop
et al. (no significant change). Yamato et al. (2001) examined
effects of SSRI on striatal extracellular dopamine after levodopa
treatment using microdialysis, which means that the changes
should reflect alteration of synaptic dopamine level. On the other
hand Bishop et al. (2012) measured tissue dopamine content,
meaning that they examined all synaptic, and stored dopamine.
The difference in determined dopamine may account for the
difference between the two reports. This discrepancy might
be also due to their 6-OHDA lesioning for the rat PD model.
Yamato et al. confirmed dopamine-denervation with a behavioral
test using apomorphine, indicating that their model rats lost
over 99% of striatal dopaminergic neurons (Tanaka et al., 1999;
Yamato et al., 2001). On the other hand, Bishop et al. did not
show any validation for the extent of dopamine-denervation after
6-OHDA lesioning in their paper (Bishop et al., 2012). Residual
dopaminergic neurons and endogenous dopamine release may
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account for relatively low impact of acute SSRI treatment on
striatal levodopa-derived dopamine content in their study. In the
other study Bishop and his colleagues have shown that repetitive
chronic systemic administration of SSRIs (3 weeks) increased
striatal dopamine concentration after levodopa treatment in
the same rat PD model (Conti et al., 2014). In this study,
prolonged SSRI treatment attenuated dyskinesia expression
and development in levodopa-primed and -naïve animals,
respectively, without interfering with motor performance. They
discussed that this anti-dyskinetic effect of SSRI is provided in
part by 5-HT 1A receptors, while maintaining levodopa’s anti-
parkinsonian efficacy by enhancing striatal dopamine levels. In
other words, it can be speculated that the chronic SSRI treatment
in this study reduced dopamine release from serotoninergic
neurons and reduced the uptake of extracellular dopamine via
SERT, resulting in reduced fluctuation of extracellular dopamine
concentration in the striatum. This might lead to relatively
continuous dopaminergic stimulation rather than pulsatile,
attenuating levodopa-induced dyskinesia although the tissue
dopamine level increased in the striatum after chronic SSRI
treatment. Thus, these studies using rodent PD model indicate
that serotonergic neurons not only release levodopa-derived
dopamine but also reuptake extracellular dopamine via SERT in
parkinsonian striatum (Figure 2B).

Clinical studies of the motor effects of SSRI treatment in PD
patients have yielded conflicting results; SSRIs have been shown
to improve (Rampello et al., 2002), worsen (Linazasoro, 2000), or
have no influence (Chung et al., 2005) over the anti-parkinsonian
efficacy of levodopa. As described above, SSRIs potentially
increase dopamine concentration in the striatum via SERT
blockade, although they may attenuate activity of serotonergic
neurons and reduce levodopa-derived dopamine release (Yamato
et al., 2001). Thus, to date no SSRI is clinically applied to treat
motor symptoms of PD. The clinical use of SSRIs and other
monoamine transporter inhibitors for PD have been recently
discussed in a comprehensive review by Huot et al. (2015). In
clinical practice, major clinical effects of SSRIs on PD motor
symptoms are not seen so frequently. Most of preclinical data
is acute administration of SSRI rather than chronic, with supra-
optimal levodopa doses that may be therapeutically irrelevant.
These may explain the discrepancy between experimental data
and clinical situations.

THE ROLE OF NOREPINEPHRINE
TRANSPORTERS IN REUPTAKE OF
DOPAMINE IN THE
DOPAMINE-DENERVATED STRIATUM

NET has affinity not only for norepinephrine but also for
dopamine (Horn, 1973; Raiteri et al., 1977). The transporter’s
affinity for dopamine is as strong as that of DAT (Gu et al.,
1994; Giros et al., 1996; Eshleman et al., 1999). While reuptake of
dopamine occurs mainly via DAT in the normal striatum (Moron
et al., 2002), in brain regions with sparse dopamine innervations,
such as the prefrontal cortex, NET is a major site for dopamine
uptake (Moron et al., 2002).

In normal striatum, norepinephrinergic neurons and NET
are sparsely expressed. However, studies suggest NET plays a
larger role in the dopamine-denervated striatum. NET expression
is increased and NET reuptakes extracellular dopamine in the
6-OHDA-lesioned parkinsonian striatum of a rat (Chotibut
et al., 2012). Acute systemic administration of desipramine (25
mg/kg), a selective NET inhibitor, increases the extracellular
dopamine concentration after levodopa treatment in the striatum
of this PD model (Arai et al., 2008). Chronic administration
of desipramine (12 mg/kg) also increases the striatal dopamine
concentration and enhances dyskinesia-like behaviors induced
by levodopa injection to this model rat (Chotibut et al.,
2014). These studies suggest that NET has a significant role
in reuptake of extracellular dopamine in the PD striatum.
However, the targeted NETs are not necessarily expressed by
norepinephrinergic neurons. In the striatum of a 6-OHDA-
lesioned hemiparkinsonian rat, NET expression increases but
norepinephrine tissue content remains the same (Chotibut et al.,
2012). Navailles et al. (2014) showed in a similar rat model that
destruction of norepinephrine fibers using N-(2-chloroethyl)-
N-ethyl-2-bromobenzylamine does not potentiate the levodopa
effect in the striatum. These results suggest that increased
NET is expressed on cells other than norepinephrinergic
neurons. The increased expression could occur on glial cells,
which also express NETs (Takeda et al., 2002; Inazu et al.,
2003). In cultured astrocytes from rat cortex, a NET blocker
inhibits uptake of dopamine and norepinephrine; the effect
was not seen with a DAT blocker, indicating dopamine
uptake is performed by NETs in astrocytes (Takeda et al.,
2002). In a parkinsonian state, the number of astrocytes
increase with dopaminergic denervation (Teismann and Schulz,
2004; Asanuma et al., 2014). Thus, increased NET activity
of dopamine transport in the dopamine-denervated striatum
may occur at astrocytes, not at norepinephrinergic neurons
(Figure 2B). Another possible source of increased NET is
tyrosine hydroxylase-positive neurons which have been shown
to increase in the striatum after dopamine-depletion (Darmopil
et al., 2008; Ünal et al., 2015). These neurons can be
spiny projection neurons (Darmopil et al., 2008) or striatal
interneurons (Ünal et al., 2015), which are considered to appear
after a compensatory phenotypic conversion of a population
of pre-existing striatal neurons. However, to our knowledge
there have been no evidence of NET expressions in these
neurons.

Conversely, there is one study in the striatum suggesting
that NETs and norepinephrinergic neurons may not be
significantly involved in reuptake of dopamine, even when
dopaminergic neurons are significantly reduced. Navailles et al.
(2014) showed in 6-OHDA-lesioned rats that the NET blockers
desipramine (10 mg/kg) and reboxetine (3 mg/kg) potentiated
the levodopa effect in the prefrontal cortex, substantia nigra
pars reticulata, and hippocampus, but not in the striatum. They
discussed that the contradictory result of Arai et al. (2008)
is because of their high dose of desipramine (25 mg/kg), in
which desipramine non-selectively binds to sites other than
NET. However, Chotibut et al. (2014) used a lower dose of
desipramine (12 mg/kg) and demonstrated a significant increase

Frontiers in Neuroscience | www.frontiersin.org 5 December 2016 | Volume 10 | Article 575

http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Nishijima and Tomiyama Dopamine Uptake in Parkinsonian Striatum

of levodopa-derived dopamine concentration in the dopamine-
denervated striatum. The inconsistencies between studies may be
due to residual DAT expression and activity of SERT and other
monoamine transporters in the particular experimental situation
(Figure 2B). Although it is difficult to interpret the discrepancies
among studies, it remains possible that NET plays a role in
reuptake of extracellular dopamine in the dopamine-denervated
striatum.

THE ROLE OF LOW AFFINITY
TRANSPORTERS IN THE STRIATUM:
ORGANIC CATION TRANSPORTER-3
(OCT-3) AND PLASMA MEMBRANE
MONOAMINE TRANSPORTER (PMAT)

DAT, NET, and SERT are high-affinity transporters for dopamine,
norepinephrine, and serotonin, respectively, all of which belong
to the solute carrier (SLC) 6A family. They are the primary
targets for drugs used to treat depression and other psychiatric
disorders and may transport some neurotoxins in patients with
drug addiction and animal models of the diseases (Giros and
Caron, 1993; Torres et al., 2003). Other than these high-affinity
amine transporters, additional transporters for biogenic amines
in the brain have been identified, such as OCT (Gründemann
et al., 1998; Eisenhofer, 2001; Vialou et al., 2004; Amphoux
et al., 2006; Koepsell et al., 2007) and PMAT (Engel et al.,
2004; Engel and Wang, 2005), which have low affinity but
high capacity for monoamine transport. These low affinity
transporters could become more important in the clearance
of monoamines when high-affinity transporters do not work
normally (Hensler et al., 2013), such as in PDwhen dopaminergic
neurons and DAT are significantly reduced, and levodopa-
derived dopamine is excessively released in the extracellular
space.

OCT-3
OCT is a member of the SLC superfamily, the organic
cation/anion/zwitterion (SLC 22) family of transporters.
Decynium-22 (D-22) can block OCT. OCT-1 and OCT-2 are
mainly expressed in the liver and kidney, respectively (Lee
et al., 2009). OCT-3 is expressed in various organs including
the brain (Lee et al., 2009). In the central nervous system,
OCT-3 is detected in glial cells and neurons in rodents (Vialou
et al., 2004; Cui et al., 2009). Astrocytes in substantia nigra
and striatum adjacent to soma and terminals of midbrain
dopaminergic neurons express OCT-3, whereas those in
cerebellum, hippocampus and cortex do not express OCT-3 (Cui
et al., 2009). OCT-3 expression has also been reported in cultured
human astrocytes (Yoshikawa et al., 2013). It is not clear which
type of neurons express OCT-3.

OCT-3 depletion in mice increases extracellular dopamine
elevation after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) treatment. The same mouse model also shows
elevated extracellular dopamine concentration after high-
dose methamphetamine treatment, but not after low-dose

treatment (Cui et al., 2009). These results suggest that OCT-3
has a role in the removal of excess extracellular dopamine
when dopamine concentration is high and has overcome the
capacity of DAT. OCT-3 depletion also hampered the release
of toxic organic cation 1-methyl-4-phenylpyridinium from
astrocytes and protected against MPTP-induced dopaminergic
neurodegeneration in mice (Cui et al., 2009). In 6-OHDA-
lesioned parkinsonian rats, OCT-3 inhibitor D-22 increases
extracellular dopamine concentrations (Sader-Mazbar et al.,
2013), although D-22 also inhibits PMAT.

These studies suggest OCT-3 plays a role in the regulation of
dopamine concentration in the parkinsonian striatum and could
be a target for PD treatment.

PMAT
PMAT is a member of the SLC 29, equilibrative nucleoside
transporter family. PMAT is also one of the D-22 sensitive
transporters, which can be blocked by D-22, similar to OCT-3. In
mice, PMAT is expressed exclusively in neurons, not in astrocytes
(Dahlin et al., 2007). It is still unclear which type of neurons
expresses PMAT. One study showed that PMAT is distributed
in various neuron subtypes throughout the brain, including
cholinergic interneurons in the striatum (Vialou et al., 2007).
However, another study demonstrated that PMAT is expressed
in cultured human astrocytes (Yoshikawa et al., 2013). Thus, the
localization of PMAT remains unclear.

As mentioned in the preceding subsection, Sader-Mazbar
et al. (2013) demonstrated that in 6-OHDA-lesioned rats, D-
22 treatment increases extracellular dopamine in the striatum.
They emphasized the inhibition of OCT-3, but D-22 can also
inhibit PMAT. The result might partly be due to PMAT inhibition
leading to reduced reuptake of dopamine via PMAT.

CLOSING REMARKS

We reviewed levodopa-dopamine metabolism and pathways in
which extracellular dopamine is reuptaken in the dopamine-
denervated striatum. Most of the studies addressed were
performed using rodent models of PD induced with neurotoxin.
Further studies are needed to expand the discussion in this review
to higher species.

To date, various drugs that modify dopamine metabolism
and uptake, especially monoamine transporter inhibitors, have
been investigated for treatment of PD motor and non-motor
symptoms. Since the recent comprehensive review by Huot
et al. (2015), new studies have been published. For example,
Conti et al. examined the effect of clomipramine, amitriptyline,
and desipramine (Conti et al., 2016). We also recently showed
the effect of duloxetine, an SNRI, on motor symptoms of
PD (Nishijima et al., 2016). These studies suggest that all
SSRI, SNRI, and other monoamine transporter inhibitors
potentially influence dopamine metabolism and clearance in
the striatum of advanced PD patients. Thus, when these
drugs are administered to PD patients for depression, pain
or other non-motor symptoms, it is important to keep
in mind that the drug may modify dopamine metabolism
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and uptake, leading to changes in motor symptoms and
motor complications in PD patients. Furthermore, low affinity
monoamine transporters such as OCT-3 and PMAT may be new
targets to modify dopamine metabolism for PD treatment in
future studies.

AUTHORS CONTRIBUTIONS

HN: reviewing the concept, compiling sources, interpreting the
data, and writing the manuscript. MT: reviewing the concept,
compiling sources, reviewing and critiquing the manuscript.

REFERENCES

Amphoux, A., Vialou, V., Drescher, E., Brüss, M., Mannoury La Cour, C., Rochat,
C., et al. (2006). Differential pharmacological in vitro properties of organic
cation transporters and regional distribution in rat brain. Neuropharmacology

50, 941–952. doi: 10.1016/j.neuropharm.2006.01.005
Aquino, C. C., and Fox, S. H. (2015). Clinical spectrum of levodopa-induced

complications.Mov. Disord. 30, 80–89. doi: 10.1002/mds.26125
Arai, A., Tomiyama, M., Kannari, K., Kimura, T., Suzuki, C., Watanabe, M., et al.

(2008). Reuptake of L-DOPA-derived extracellular DA in the striatum of a
rodent model of Parkinson’s disease via norepinephrine transporter. Synapse
62, 632–635. doi: 10.1002/syn.20535

Arai, R., Horiike, K., and Hasegawa, Y. (1998). Dopamine-degrading activity
of monoamine oxidase in locus coeruleus and dorsal raphe nucleus
neurons. A histochemical study in the rat. Neurosci. Lett. 250, 41–44.
doi: 10.1016/S0304-3940(98)00429-7

Arai, R., Karasawa, N., Geffard, M., and Nagatsu, I. (1995). L-DOPA is
converted to dopamine in serotonergic fibers of the striatum of the rat:
a double-labeling immunofluorescence study. Neurosci. Lett. 195, 195–198.
doi: 10.1016/0304-3940(95)11817-G

Arai, R., Karasawa, N., Geffard, M., Nagatsu, T., and Nagatsu, I. (1994).
Immunohistochemical evidence that central serotonin neurons produce
dopamine from exogenous L-DOPA in the rat, with reference to the
involvement of aromatic L-amino acid decarboxylase. Brain Res. 667, 295–299.
doi: 10.1016/0006-8993(94)91511-3

Arai, R., Karasawa, N., Kurokawa, K., Kanai, H., Horiike, K., and Ito, A. (2002).
Differential subcellular location of mitochondria in rat serotonergic neurons
depends on the presence and the absence of monoamine oxidase type B.
Neuroscience 114, 825–835. doi: 10.1016/S0306-4522(02)00351-2

Arai, R., Karasawa, N., and Nagatsu, I. (1996). Aromatic L-amino acid
decarboxylase is present in serotonergic fibers of the striatum of the rat.
A double-labeling immunofluorescence study. Brain Res. 706, 177–179.
doi: 10.1016/0006-8993(95)01281-8

Asanuma, M., Miyazaki, I., Murakami, S., Diaz-Corrales, F. J., and Ogawa, N.
(2014). Striatal astrocytes act as a reservoir for L-DOPA. PLoS ONE 9:e106362.
doi: 10.1371/journal.pone.0106362

Beaulieu-Boire, I., and Lang, A. E. (2015). Behavioral effects of levodopa. Mov.

Disord. 30, 90–102. doi: 10.1002/mds.26121
Bishop, C., George, J. A., Buchta,W., Goldenberg, A. A., Mohamed,M., Dickinson,

S. O., et al. (2012). Serotonin transporter inhibition attenuates l-DOPA-induced
dyskinesia without compromising l-DOPA efficacy in hemi-parkinsonian rats.
Eur. J. Neurosci. 36, 2839–2848. doi: 10.1111/j.1460-9568.2012.08202.x

Cass, W. A., and Gerhardt, G. A. (1994). Direct in vivo evidence that D2
dopamine receptors can modulate dopamine uptake. Neurosci. Lett. 176,
259–263. doi: 10.1016/0304-3940(94)90096-5

Cass, W. A., Zahniser, N. R., Flach, K. A., and Gerhardt, G. A. (1993). Clearance
of exogenous dopamine in rat dorsal striatum and nucleus accumbens: role of
metabolism and effects of locally applied uptake inhibitors. J. Neurochem. 61,
2269–2278. doi: 10.1111/j.1471-4159.1993.tb07469.x

Cedarbaum, J. M. (1987). Clinical pharmacokinetics of anti-parkinsonian drugs.
Clin. Pharmacokinet. 13, 141–178. doi: 10.2165/00003088-198713030-00002

Cheshire, P. A., andWilliams, D. R. (2012). Serotonergic involvement in levodopa-
induced dyskinesias in Parkinson’s disease. J. Clin. Neurosci. 19, 343–348.
doi: 10.1016/j.jocn.2011.09.008

Chotibut, T., Apple, D. M., Jefferis, R., and Salvatore, M. F. (2012). Dopamine
transporter loss in 6-OHDA Parkinson’s model is unmet by parallel reduction
in dopamine uptake. PLoS ONE 7:e52322. doi: 10.1371/journal.pone.0052322

Chotibut, T., Fields, V., and Salvatore, M. F. (2014). Norepinephrine transporter
inhibition with desipramine exacerbates L-DOPA-induced dyskinesia: role

for synaptic dopamine regulation in denervated nigrostriatal terminals. Mol.

Pharmacol. 86, 675–685. doi: 10.1124/mol.114.093302
Chung, K. A., Carlson, N. E., and Nutt, J. G. (2005). Short-term paroxetine

treatment does not alter the motor response to levodopa in PD. Neurology 64,
1797–1798. doi: 10.1212/01.WNL.0000161841.41885.80

Conti, M.M., Goldenberg, A. A., Kuberka, A.,Mohamed,M., Eissa, S., Lindenbach,
D., et al. (2016). Effect of tricyclic antidepressants on L-DOPA-induced
dyskinesia and motor improvement in hemi-parkinsonian rats. Pharmacol.

Biochem. Behav. 142, 64–71. doi: 10.1016/j.pbb.2016.01.004
Conti, M. M., Ostock, C. Y., Lindenbach, D., Goldenberg, A. A., Kampton,

E., Dell’isola, R., et al. (2014). Effects of prolonged selective serotonin
reuptake inhibition on the development and expression of L-DOPA-
induced dyskinesia in hemi-parkinsonian rats. Neuropharmacology 77, 1–8.
doi: 10.1016/j.neuropharm.2013.09.017

Cui, M., Aras, R., Christian, W. V., Rappold, P. M., Hatwar, M., Panza, J.,
et al. (2009). The organic cation transporter-3 is a pivotal modulator of
neurodegeneration in the nigrostriatal dopaminergic pathway. Proc. Natl. Acad.
Sci. U.S.A. 106, 8043–8048. doi: 10.1073/pnas.0900358106

Dahlin, A., Xia, L., Kong, W., Hevner, R., and Wang, J. (2007). Expression and
immunolocalization of the plasma membrane monoamine transporter in the
brain. Neuroscience 146, 1193–1211. doi: 10.1016/j.neuroscience.2007.01.072

Darmopil, S., Muñetón-Gómez, V. C., de Ceballos, M. L., Bernson,
M., and Moratalla, R. (2008). Tyrosine hydroxylase cells appearing
in the mouse striatum after dopamine denervation are likely to be
projection neurones regulated by L-DOPA. Eur. J. Neurosci. 27, 580–592.
doi: 10.1111/j.1460-9568.2008.06040.x

de la Fuente-Fernández, R., Sossi, V., Huang, Z., Furtado, S., Lu, J. Q., Calne,
D. B., et al. (2004). Levodopa-induced changes in synaptic dopamine levels
increase with progression of Parkinson’s disease: implications for dyskinesias.
Brain 127(Pt 12), 2747–2754. doi: 10.1093/brain/awh290

Eisenhofer, G. (2001). The role of neuronal and extraneuronal plasma membrane
transporters in the inactivation of peripheral catecholamines. Pharmacol. Ther.

91, 35–62. doi: 10.1016/S0163-7258(01)00144-9
Ekblom, J., Jossan, S. S., Bergström, M., Oreland, L., Walum, E., and

Aquilonius, S. M. (1993). Monoamine oxidase-B in astrocytes. Glia 8, 122–132.
doi: 10.1002/glia.440080208

Engel, K., and Wang, J. (2005). Interaction of organic cations with a newly
identified plasma membrane monoamine transporter. Mol. Pharmacol. 68,
1397–1407. doi: 10.1124/mol.105.016832

Engel, K., Zhou, M., and Wang, J. (2004). Identification and characterization
of a novel monoamine transporter in the human brain. J. Biol. Chem. 279,
50042–50049. doi: 10.1074/jbc.M407913200

Eshleman, A. J., Carmolli, M., Cumbay, M., Martens, C. R., Neve, K. A., and
Janowsky, A. (1999). Characteristics of drug interactions with recombinant
biogenic amine transporters expressed in the same cell type. J. Pharmacol. Exp.

Ther. 289, 877–885.
Gesi, M., Santinami, A., Ruffoli, R., Conti, G., and Fornai, F. (2001).

Novel aspects of dopamine oxidative metabolism (confounding
outcomes take place of certainties). Pharmacol. Toxicol. 89, 217–224.
doi: 10.1034/j.1600-0773.2001.d01-151.x

Giros, B., and Caron, M. G. (1993). Molecular characterization of
the dopamine transporter. Trends Pharmacol. Sci. 14, 43–49.
doi: 10.1016/0165-6147(93)90029-J

Giros, B., Jaber, M., Jones, S. R., Wightman, R. M., and Caron, M. G. (1996).
Hyperlocomotion and indifference to cocaine and amphetamine in mice
lacking the dopamine transporter. Nature 379, 606–612. doi: 10.1038/379606a0

Gründemann, D., Schechinger, B., Rappold, G. A., and Schömig, E. (1998).
Molecular identification of the corticosterone-sensitive extraneuronal
catecholamine transporter. Nat. Neurosci. 1, 349–351. doi: 10.1038/1557

Frontiers in Neuroscience | www.frontiersin.org 7 December 2016 | Volume 10 | Article 575

https://doi.org/10.1016/j.neuropharm.2006.01.005
https://doi.org/10.1002/mds.26125
https://doi.org/10.1002/syn.20535
https://doi.org/10.1016/S0304-3940(98)00429-7
https://doi.org/10.1016/0304-3940(95)11817-G
https://doi.org/10.1016/0006-8993(94)91511-3
https://doi.org/10.1016/S0306-4522(02)00351-2
https://doi.org/10.1016/0006-8993(95)01281-8
https://doi.org/10.1371/journal.pone.0106362
https://doi.org/10.1002/mds.26121
https://doi.org/10.1111/j.1460-9568.2012.08202.x
https://doi.org/10.1016/0304-3940(94)90096-5
https://doi.org/10.1111/j.1471-4159.1993.tb07469.x
https://doi.org/10.2165/00003088-198713030-00002
https://doi.org/10.1016/j.jocn.2011.09.008
https://doi.org/10.1371/journal.pone.0052322
https://doi.org/10.1124/mol.114.093302
https://doi.org/10.1212/01.WNL.0000161841.41885.80
https://doi.org/10.1016/j.pbb.2016.01.004
https://doi.org/10.1016/j.neuropharm.2013.09.017
https://doi.org/10.1073/pnas.0900358106
https://doi.org/10.1016/j.neuroscience.2007.01.072
https://doi.org/10.1111/j.1460-9568.2008.06040.x
https://doi.org/10.1093/brain/awh290
https://doi.org/10.1016/S0163-7258(01)00144-9
https://doi.org/10.1002/glia.440080208
https://doi.org/10.1124/mol.105.016832
https://doi.org/10.1074/jbc.M407913200
https://doi.org/10.1034/j.1600-0773.2001.d01-151.x
https://doi.org/10.1016/0165-6147(93)90029-J
https://doi.org/10.1038/379606a0
https://doi.org/10.1038/1557
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Nishijima and Tomiyama Dopamine Uptake in Parkinsonian Striatum

Gu, H., Wall, S. C., and Rudnick, G. (1994). Stable expression of biogenic
amine transporters reveals differences in inhibitor sensitivity, kinetics, and ion
dependence. J. Biol. Chem. 269, 7124–7130.

Hensler, J. G., Artigas, F., Bortolozzi, A., Daws, L. C., De Deurwaerdère,
P., Milan, L., et al. (2013). Catecholamine/Serotonin interactions: systems
thinking for brain function and disease. Adv. Pharmacol. 68, 167–197.
doi: 10.1016/B978-0-12-411512-5.00009-9

Hollister, A. S., Breese, G. R., and Mueller, R. A. (1979). Role of monoamine neural
systems in L-dihydroxyphenylalanine-stimulated activity. J. Pharmacol. Exp.

Ther. 208, 37–43.
Horn, A. S. (1973). Structure-activity relations for the inhibition of catecholamine

uptake into synaptosomes from noradrenaline and dopaminergic
neurones in rat brain homogenates. Br. J. Pharmacol. 47, 332–338.
doi: 10.1111/j.1476-5381.1973.tb08331.x

Huot, P., Fox, S. H., and Brotchie, J. M. (2015). Monoamine reuptake inhibitors
in Parkinson’s disease. Parkinsons. Dis. 2015:609428. doi: 10.1155/2015/
609428

Inazu, M., Takeda, H., and Matsumiya, T. (2003). Functional expression of
the norepinephrine transporter in cultured rat astrocytes. J. Neurochem. 84,
136–144. doi: 10.1046/j.1471-4159.2003.01514.x

Jaber, M., Jones, S., Giros, B., and Caron, M. G. (1997). The dopamine transporter:
a crucial component regulating dopamine transmission. Mov. Disord. 12,
629–633. doi: 10.1002/mds.870120502

Jankovic, J. (2008). Parkinson’s disease: clinical features and diagnosis. J. Neurol.
Neurosurg. Psychiatr. 79, 368–376. doi: 10.1136/jnnp.2007.131045

Kaakkola, S. (2000). Clinical pharmacology, therapeutic use and potential
of COMT inhibitors in Parkinson’s disease. Drugs 59, 1233–1250.
doi: 10.2165/00003495-200059060-00004

Kaakkola, S., Männistö, P. T., and Nissinen, E. (1987). Striatal membrane-
bound and soluble catechol-O-methyl-transferase after selective neuronal
lesions in the rat. J. Neural Transm. 69, 221–228. doi: 10.1007/BF012
44343

Kannari, K., Shen, H., Arai, A., Tomiyama, M., and Baba, M. (2006).
Reuptake of L-DOPA-derived extracellular dopamine in the striatum with
dopaminergic denervation via serotonin transporters. Neurosci. Lett. 402,
62–65. doi: 10.1016/j.neulet.2006.03.059

Kannari, K., Yamato, H., Shen, H., Tomiyama, M., Suda, T., and Matsunaga,
M. (2001). Activation of 5-HT(1A) but not 5-HT(1B) receptors attenuates
an increase in extracellular dopamine derived from exogenously administered
L-DOPA in the striatum with nigrostriatal denervation. J. Neurochem. 76,
1346–1353. doi: 10.1046/j.1471-4159.2001.00184.x

Koepsell, H., Lips, K., and Volk, C. (2007). Polyspecific organic cation transporters:
structure, function, physiological roles, and biopharmaceutical implications.
Pharm. Res. 24, 1227–1251. doi: 10.1007/s11095-007-9254-z

Larsen, M. B., Sonders, M. S., Mortensen, O. V., Larson, G. A., Zahniser, N. R.,
and Amara, S. G. (2011). Dopamine transport by the serotonin transporter:
a mechanistically distinct mode of substrate translocation. J. Neurosci. 31,
6605–6615. doi: 10.1523/JNEUROSCI.0576-11.2011

Lee, W. K., Wolff, N. A., and Thévenod, F. (2009). Organic cation transporters:
physiology, toxicology and special focus on ethidium as a novel substrate. Curr.
Drug Metab. 10, 617–631. doi: 10.2174/138920009789375360

Levitt, P., Pintar, J. E., and Breakefield, X. O. (1982). Immunocytochemical
demonstration of monoamine oxidase B in brain astrocytes and
serotonergic neurons. Proc. Natl. Acad. Sci. U.S.A. 79, 6385–6389.
doi: 10.1073/pnas.79.20.6385

Linazasoro, G. (2000). Worsening of Parkinson’s disease by citalopram.
Parkinsonism Relat. Disord. 6, 111–113. doi: 10.1016/S1353-8020(99)00050-4

Maeda, T., Kannari, K., Shen, H., Arai, A., Tomiyama, M., Matsunaga, M., et al.
(2003). Rapid induction of serotonergic hyperinnervation in the adult rat
striatum with extensive dopaminergic denervation. Neurosci. Lett. 343, 17–20.
doi: 10.1016/S0304-3940(03)00295-7

Maeda, T., Nagata, K., Yoshida, Y., and Kannari, K. (2005). Serotonergic
hyperinnervation into the dopaminergic denervated striatum compensates
for dopamine conversion from exogenously administered l-DOPA. Brain Res.

1046, 230–233. doi: 10.1016/j.brainres.2005.04.019
Männistö, P. T., and Kaakkola, S. (1999). Catechol-O-methyltransferase (COMT):

biochemistry, molecular biology, pharmacology, and clinical efficacy of the new
selective COMT inhibitors. Pharmacol. Rev. 51, 593–628.

Mercuri, N. B., and Bernardi, G. (2005). The ‘magic’ of L-dopa: why is it the
gold standard Parkinson’s disease therapy? Trends Pharmacol. Sci. 26, 341–344.
doi: 10.1016/j.tips.2005.05.002

Moron, J. A., Brockington, A., Wise, R. A., Rocha, B. A., and Hope, B. T. (2002).
Dopamine uptake through the norepinephrine transporter in brain regions
with low levels of the dopamine transporter: evidence from knock-out mouse
lines. J. Neurosci. 22, 389–395.

Mundorf, M. L., Joseph, J. D., Austin, C. M., Caron, M. G., and Wightman, R.
M. (2001). Catecholamine release and uptake in the mouse prefrontal cortex. J.
Neurochem. 79, 130–142. doi: 10.1046/j.1471-4159.2001.00554.x

Navailles, S., Milan, L., Khalki, H., Di Giovanni, G., Lagière, M., and De
Deurwaerdère, P. (2014). Noradrenergic terminals regulate L-DOPA-derived
dopamine extracellular levels in a region-dependent manner in Parkinsonian
rats. CNS Neurosci. Ther. 20, 671–678. doi: 10.1111/cns.12275

Ng, K. Y., Chase, T. N., Colburn, R. W., and Kopin, I. J. (1970).
L-Dopa-induced release of cerebral monoamines. Science 170, 76–77.
doi: 10.1126/science.170.3953.76

Ng, K. Y., Colburn, R. W., and Kopin, I. J. (1971). Effects of L-dopa on
efflux of cerebral monoamines from synaptosomes. Nature 230, 331–332.
doi: 10.1038/230331a0

Nirenberg, M. J., Vaughan, R. A., Uhl, G. R., Kuhar, M. J., and Pickel, V. M.
(1996). The dopamine transporter is localized to dendritic and axonal plasma
membranes of nigrostriatal dopaminergic neurons. J. Neurosci. 16, 436–447.

Nishijima, H., Ueno, T., Ueno, S., and Tomiyama, M. (2016). Duloxetine increases
the effects of levodopa in a rat model of Parkinson’s disease. Neurol. Clin.
Neurosci. 4, 129–133. doi: 10.1111/ncn3.12051

Nutt, J. G., Woodward, W. R., and Anderson, J. L. (1985). The effect of
carbidopa on the pharmacokinetics of intravenously administered levodopa:
the mechanism of action in the treatment of parkinsonism. Ann. Neurol. 18,
537–543. doi: 10.1002/ana.410180505

Olanow, C. W., and Obeso, J. A. (2000). Preventing levodopa-induced dyskinesias.
Ann. Neurol. 47(4 Suppl. 1), S167–S176. discussion: S176–S168.

Pavese, N., Evans, A. H., Tai, Y. F., Hotton, G., Brooks, D. J., Lees,
A. J., et al. (2006). Clinical correlates of levodopa-induced dopamine
release in Parkinson disease: a PET study. Neurology 67, 1612–1617.
doi: 10.1212/01.wnl.0000242888.30755.5d

Politis, M., Wu, K., Loane, C., Brooks, D. J., Kiferle, L., Turkheimer, F. E.,
et al. (2014). Serotonergic mechanisms responsible for levodopa-induced
dyskinesias in Parkinson’s disease patients. J. Clin. Invest. 124, 1340–1349.
doi: 10.1172/JCI71640

Politis, M., Wu, K., Loane, C., Quinn, N. P., Brooks, D. J., Rehncrona,
S., et al. (2010). Serotonergic neurons mediate dyskinesia side effects in
Parkinson’s patients with neural transplants. Sci. Transl. Med. 2, 38ra46.
doi: 10.1126/scitranslmed.3000976

Raiteri, M., Del Carmine, R., Bertollini, A., and Levi, G. (1977). Effect of
sympathomimetic amines on the synaptosomal transport of noradrenaline,
dopamine and 5-hydroxytryptamine. Eur. J. Pharmacol. 41, 133–143.
doi: 10.1016/0014-2999(77)90202-3

Rampello, L., Chiechio, S., Raffaele, R., Vecchio, I., and Nicoletti, F.
(2002). The SSRI, citalopram, improves bradykinesia in patients with
Parkinson’s disease treated with L-dopa. Clin. Neuropharmacol. 25, 21–24.
doi: 10.1097/00002826-200201000-00004

Rice, M. E., Patel, J. C., and Cragg, S. J. (2011). Dopamine release in the
basal ganglia. Neuroscience 198, 112–137. doi: 10.1016/j.neuroscience.2011.
08.066

Sader-Mazbar, O., Loboda, Y., Rabey, M. J., and Finberg, J. P. (2013). Increased
L-DOPA-derived dopamine following selective MAO-A or -B inhibition in
rat striatum depleted of dopaminergic and serotonergic innervation. Br. J.
Pharmacol. 170, 999–1013. doi: 10.1111/bph.12349

Smith, Y., Wichmann, T., Factor, S. A., and DeLong, M. R. (2012).
Parkinson’s disease therapeutics: new developments and challenges since
the introduction of levodopa. Neuropsychopharmacology 37, 213–246.
doi: 10.1038/npp.2011.212

Takeda, H., Inazu, M., and Matsumiya, T. (2002). Astroglial dopamine transport
is mediated by norepinephrine transporter. Naunyn Schmiedeberg’s Arch.

Pharmacol. 366, 620–623. doi: 10.1007/s00210-002-0640-0
Tanaka, H., Kannari, K., Maeda, T., Tomiyama, M., Suda, T., and Matsunaga,

M. (1999). Role of serotonergic neurons in L-DOPA-derived extracellular

Frontiers in Neuroscience | www.frontiersin.org 8 December 2016 | Volume 10 | Article 575

https://doi.org/10.1016/B978-0-12-411512-5.00009-9
https://doi.org/10.1111/j.1476-5381.1973.tb08331.x
https://doi.org/10.1155/2015/609428
https://doi.org/10.1046/j.1471-4159.2003.01514.x
https://doi.org/10.1002/mds.870120502
https://doi.org/10.1136/jnnp.2007.131045
https://doi.org/10.2165/00003495-200059060-00004
https://doi.org/10.1007/BF01244343
https://doi.org/10.1016/j.neulet.2006.03.059
https://doi.org/10.1046/j.1471-4159.2001.00184.x
https://doi.org/10.1007/s11095-007-9254-z
https://doi.org/10.1523/JNEUROSCI.0576-11.2011
https://doi.org/10.2174/138920009789375360
https://doi.org/10.1073/pnas.79.20.6385
https://doi.org/10.1016/S1353-8020(99)00050-4
https://doi.org/10.1016/S0304-3940(03)00295-7
https://doi.org/10.1016/j.brainres.2005.04.019
https://doi.org/10.1016/j.tips.2005.05.002
https://doi.org/10.1046/j.1471-4159.2001.00554.x
https://doi.org/10.1111/cns.12275
https://doi.org/10.1126/science.170.3953.76
https://doi.org/10.1038/230331a0
https://doi.org/10.1111/ncn3.12051
https://doi.org/10.1002/ana.410180505
https://doi.org/10.1212/01.wnl.0000242888.30755.5d
https://doi.org/10.1172/JCI71640
https://doi.org/10.1126/scitranslmed.3000976
https://doi.org/10.1016/0014-2999(77)90202-3
https://doi.org/10.1097/00002826-200201000-00004
https://doi.org/10.1016/j.neuroscience.2011.08.066
https://doi.org/10.1111/bph.12349
https://doi.org/10.1038/npp.2011.212
https://doi.org/10.1007/s00210-002-0640-0
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Nishijima and Tomiyama Dopamine Uptake in Parkinsonian Striatum

dopamine in the striatum of 6-OHDA-lesioned rats. Neuroreport 10, 631–634.
doi: 10.1097/00001756-199902250-00034

Teismann, P., and Schulz, J. B. (2004). Cellular pathology of Parkinson’s
disease: astrocytes, microglia and inflammation. Cell Tissue Res. 318, 149–161.
doi: 10.1007/s00441-004-0944-0

Torres, G. E., Carneiro, A., Seamans, K., Fiorentini, C., Sweeney, A., Yao, W.
D., et al. (2003). Oligomerization and trafficking of the human dopamine
transporter. Mutational analysis identifies critical domains important for
the functional expression of the transporter. J. Biol. Chem. 278, 2731–2739.
doi: 10.1074/jbc.M201926200

Ünal, B., Shah, F., Kothari, J., and Tepper, J. M. (2015). Anatomical and
electrophysiological changes in striatal TH interneurons after loss of the
nigrostriatal dopaminergic pathway. Brain Struct. Funct. 220, 331–349.
doi: 10.1007/s00429-013-0658-8

Vialou, V., Amphoux, A., Zwart, R., Giros, B., and Gautron, S. (2004). Organic
cation transporter 3 (Slc22a3) is implicated in salt-intake regulation. J. Neurosci.
24, 2846–2851. doi: 10.1523/JNEUROSCI.5147-03.2004

Vialou, V., Balasse, L., Dumas, S., Giros, B., and Gautron, S. (2007).
Neurochemical characterization of pathways expressing plasma membrane
monoamine transporter in the rat brain. Neuroscience 144, 616–622.
doi: 10.1016/j.neuroscience.2006.09.058

Vizi, E. S., Zsilla, G., Caron, M. G., and Kiss, J. P. (2004). Uptake and release
of norepinephrine by serotonergic terminals in norepinephrine transporter
knock-out mice: implications for the action of selective serotonin reuptake
inhibitors. J. Neurosci. 24, 7888–7894. doi: 10.1523/JNEUROSCI.1506-04.2004

Westlund, K. N., Denney, R. M., Kochersperger, L. M., Rose, R. M., and Abell, C.
W. (1985). Distinct monoamine oxidase A and B populations in primate brain.
Science 230, 181–183. doi: 10.1126/science.3875898

Westlund, K. N., Krakower, T. J., Kwan, S. W., and Abell, C. W. (1993).
Intracellular distribution of monoamine oxidase A in selected regions
of rat and monkey brain and spinal cord. Brain Res. 612, 221–230.
doi: 10.1016/0006-8993(93)91664-E

Wimalasena, K. (2011). Vesicular monoamine transporters: structure-function,
pharmacology, and medicinal chemistry. Med. Res. Rev. 31, 483–519.
doi: 10.1002/med.20187

Yamato, H., Kannari, K., Shen, H., Suda, T., and Matsunaga, M. (2001). Fluoxetine
reduces L-DOPA-derived extracellular DA in the 6-OHDA-lesioned rat
striatum.Neuroreport 12, 1123–1126. doi: 10.1097/00001756-200105080-00015

Yoshikawa, T., Naganuma, F., Iida, T., Nakamura, T., Harada, R., Mohsen, A. S.,
et al. (2013). Molecular mechanism of histamine clearance by primary human
astrocytes. Glia 61, 905–916. doi: 10.1002/glia.22484

Zhou, F. C., Tao-Cheng, J. H., Segu, L., Patel, T., and Wang, Y. (1998).
Serotonin transporters are located on the axons beyond the synaptic
junctions: anatomical and functional evidence. Brain Res. 805, 241–254.
doi: 10.1016/S0006-8993(98)00691-X

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Nishijima and Tomiyama. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use, distribution

or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 9 December 2016 | Volume 10 | Article 575

https://doi.org/10.1097/00001756-199902250-00034
https://doi.org/10.1007/s00441-004-0944-0
https://doi.org/10.1074/jbc.M201926200
https://doi.org/10.1007/s00429-013-0658-8
https://doi.org/10.1523/JNEUROSCI.5147-03.2004
https://doi.org/10.1016/j.neuroscience.2006.09.058
https://doi.org/10.1523/JNEUROSCI.1506-04.2004
https://doi.org/10.1126/science.3875898
https://doi.org/10.1016/0006-8993(93)91664-E
https://doi.org/10.1002/med.20187
https://doi.org/10.1097/00001756-200105080-00015
https://doi.org/10.1002/glia.22484
https://doi.org/10.1016/S0006-8993(98)00691-X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

	What Mechanisms Are Responsible for the Reuptake of Levodopa-Derived Dopamine in Parkinsonian Striatum?
	Introduction
	The Role of Serotonin Transporters in Reuptake of Dopamine in the Dopamine-denervated Striatum
	The Role of Norepinephrine Transporters in Reuptake of Dopamine in the Dopamine-denervated Striatum
	The Role of Low Affinity Transporters in the Striatum: Organic Cation Transporter-3 (OCT-3) and Plasma Membrane Monoamine Transporter (PMAT)
	OCT-3
	PMAT

	Closing Remarks
	Authors Contributions
	References


