


Oct3 was localized in neurons and not in astrocytes. This region-
dependent neuron/astrocyte partition of Oct3 was confirmed by
laser capture microdissection followed by quantitative real time
RT-PCR (Fig. 1O). For this experiment, specific individual cells
were captured on the basis of specific cellular markers (Fig. S2). To
demonstrate whether the differential cellular distribution of Oct3
between the SN and the cerebellum in mice is also seen in humans,
paraffin-embedded sections of ventral midbrain and cerebellum
from control subjects and patients with PD (Fig. 1 P–V) were
assessed using immunohistochemistry. Human SN dopaminergic
neurons can readily be identified by their content of brown pigment,
neuromelanin. Consistent with the mouse data, neuromelanin-
containing neurons did not immunostain for human OCT3 (blue–
gray, Fig. 1 P and R). In contrast, cells with morphology consistent
with nondopaminergic neurons (Fig. 1 P and Q) and astrocytes (Fig.
1S) did exhibit robust immunoreactivity for this cationic trans-
porter. OCT3 was also highly expressed in cerebellar granule
neurons (Fig. 1 T and U). Thus, these results indicate that OCT3 is
primarily present in nondopaminergic cells within the nigrostriatal
dopaminergic pathway in both mice and humans. This argues
against OCT3 regulating the entry of toxic cations into dopami-
nergic cells, but suggests that OCT3 may regulate their extracellular
bioavailability.

Oct3 Functions Bidirectionally in Astrocytes. To determine whether
Oct3 regulates extracellular concentrations of toxic organic cations,

we assessed Oct3 activity in both the modified human embryonic
kidney 293 cells (EM4) stably transfected with either rat Oct3 or
empty vector, and in primary astrocytes. In Oct3 stably transfected
EM4 cells (Fig. 2 A–D, see Fig. S3 regarding the generation of these
cells), the transport of [3H]-MPP�, a stable substrate for Oct3 (13),
was bidirectional, dose- and time-dependent, saturable, and inhib-
itable by decynium 22 (D22, an Oct3 inhibitor). In contrast, in
empty vector stably transfected EM4 control cells, no transport of
[3H]-MPP� in either direction was detected. In the postnatal
primary astrocytes, under the same experimental conditions, the
transport of [3H]-MPP� exhibited the same characteristics as those
found in Oct3 stably transfected EM4 cells (Fig. 2 E–G). The
important role played by Oct3 in the transport of organic cations in
astrocytes is supported further by our demonstration that the
uptake of [3H]-MPP� is reduced by �3-fold in primary astrocytes
cultured from Oct3�/� mice compared to that in primary astrocytes
cultured from their Oct3�/� counterparts (Fig. 2 H–J). These results
demonstrate that Oct3 expressed in primary astrocytes transport
organic cations in a bidirectional manner and suggest that astrocytes
may be capable of regulating both the release and the uptake
of toxic species. However, these data also suggest that although
Oct3 may play a dominant role, it is not the sole transporter
in astrocytes regulating the bioavailability of organic cations,
because some uptake of [3H]-MPP� still occurred in the
absence or inhibition of Oct3.

A B C M N

D E F

G H I

J K L
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Q R S

VUT

O

Fig. 1. Selective expression of Oct3 in the brain. Coronal mouse brain sections (A–N) were immunolabeled with antibodies against Oct3 in combination with either
anti-TH (dopaminergic marker), anti-GFAP (astrocytic marker), or anti-MAP2 (neuronal marker). Oct3 colocalized with GFAP in the nigrostriatal region (D–F and J–L)
but not with astrocytes in other regions (M and N). Although not detectable in dopaminergic structures (A–C and G–I), Oct3 immunoreactivity was detectable in other
neurons (K,M, andN). TheexpressionofOct3was furtherconfirmed incells capturedby laser capturemicrodissectionfollowedbyquantitative real timeRT-PCRanalysis
(O; BD, below detection). Primarily based on specific cellular markers, at least 800–1,000 cells of each type were captured. In postmortem human samples (P–V), OCT3
(blue–gray appearance) was robustly expressed in cells with morphology resembling that of nondopaminergic neurons (Q, T, and U) and astrocyte-like cells (S) but not
in dopaminergic neurons (brown pigment of neuromelanin; P and R). As a negative control, Oct3 antibody was preabsorbed with Oct3 peptide and incubated with
an adjacent cerebellar section (V). [Scale bars: 20 �m (A–N); 400 �m (P and T); and 100 �m (Q–S, U, and V)].
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Oct3 Modulates Neurodegeneration via the Release of Toxic Cations
from Astrocytes. Given the above findings, we turned to the MPTP
mouse model, which is widely used to produce parkinson-like
nigrostrial dopaminergic neurodegeneration (1). In astrocytes, this
protoxin is converted to its active metabolite, MPP�. This model
thus affords a unique opportunity to assess the significance of the
release of a toxic organic cation through Oct3 on the death of
dopaminergic neurons. In saline-injected Oct3�/� and Oct3�/�

mice, there was no difference in stereological counts of SN par
compacta (SNpc) dopaminergic neurons (Fig. 3A, C, and I) or in
optical density in striatal dopaminergic innervation (Fig. 3 E, G, and
J), as evidenced by immunostaining for the rate-limiting enzyme in
DA synthesis, tyrosine hydroxylase (TH). In MPTP-injected
Oct3�/� mice, there was a loss of SNpc TH� neurons (Fig. 3 B and
I) and of striatal TH� fibers (Fig. 3 F and J). In contrast, in
MPTP-injected Oct3�/� mice, the dopaminergic cell loss was
markedly attenuated (Fig. 3 D and H–J). Similar protection against
MPTP was observed when Oct3 was inhibited by the administration
of D22 in Oct3�/� mice (Fig. 3 K and L).

If most of the MPP� produced within astrocytes was trapped
because of the absence or the inhibition of Oct3, the resulting high
intra-astrocyte MPP� levels may kill these cells. To address this
concern, we evaluated the sensitivity of astrocytes to MPP� by
incubating these primary cells with 400 �M MPP� for 24 h, a
regimen that induced �50% of loss in cell viability in the immor-
talized rat dopaminergic N27 neurons (Fig. S4A). Under these
conditions, no death of astrocytes was detected (Fig. S4B). Similar
resistance was observed when 400 �M of paraquat were used to
induce oxidative stress. These data are consistent with the notion

that astrocytes are inherently more resistant to toxic insults than
neurons perhaps because of their high antioxidant capacity and high
glycolytic rate.

The dopaminergic toxicity of MPTP correlates with the bioavail-
ability of its active metabolite, MPP� (15). To assess whether D22
treatment or Oct3 ablation interferes with the conversion of MPTP
into MPP�, wild-type C57BL/6 mice infused with D22 and Oct3�/�

mice were injected with MPTP and striatal tissue levels of MPP�

were measured. There was no difference in MPP� levels between
mice that received D22 or vehicle (Fig. S5A) nor between Oct3�/�

and Oct3�/� mice (Fig. S5B). MPP�-induced dopaminergic neu-
rotoxicity also depends on its uptake into dopaminergic neurons via
DAT (9). There was no alteration in DAT protein content in the
Oct3�/� animals as compared to their wild-type littermates (Fig.
S5C). We also assessed the potency of D22 to antagonize MPP�

transport by DAT in EM4 cells overexpressing mouse DAT. D22
inhibited transport by DAT with an IC50 of 45.0 � 4.2 �M (n � 5),
whereas the IC50 values of D22 for Oct3 are in the low nanomolar
range (16) making D22 more than 1,000-fold less potent at DAT
than at Oct3. Thus, the above genetic and pharmacological data
indicate that Oct3 plays a critical role in modulating the demise of
dopaminergic neurons and suggest that this protective effect stems
from Oct3 regulation of the outflow of MPP� from the neighboring
astrocytes. This observation is consistent with the previous sugges-
tion that MPP� is released from astrocytes (9).

Oct3 Affects Striatal Levels of MPP� and Dopamine. To support
further that Oct3 regulates the release of toxic organic cations
under in vivo settings, microdialysis in freely moving mice was

Fig. 2. Bidirectional transport of MPP�. (A–D)
EM4 cells stably overexpressing rat Oct3 or
empty vector (EV), astrocytes from new born
C57BL/6 mice (E–G), astrocytes from Oct3�/�

and Oct3�/� mice (H–J), were assessed for their
transport activities of [3H]-MPP�. As described
in the SI Materials and Methods, briefly, for the
uptake studies (A, B, E, F, and H–J), cells were
incubated with 10 nM [3H]-MPP� and various
concentrations of unlabeled MPP�, in the pres-
ence or absence of 5 �M D22 (a potent Oct3
inhibitor). Cell pellets were collected and ra-
dioactivity was counted using a scintillation
counter. Specific uptake (in J) represents trans-
port activity in the absence of D22 minus that of
the group with D22. For the release studies (C,
D, G), cells were preloaded for 20 min with 10
nM [3H]-MPP� (plus 100 �M MPP�), washed,
and then incubated at 37 °C for different time
points in the assay buffer with or without 5 �M
D22. Radioactivity released into the buffer and
remaining in cells was counted using a scintil-
lation counter. Oct3-mediated transport was
time and concentration dependent and was
blocked by D22 and Oct3 deficiency. Data rep-
resent mean � SEM from 3–5 independent ex-
periments with n � 4 per experiment.
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performed. From the microdialysis probes implanted into the
striatum (Fig. 4 A and B), fractions of brain dialysates were collected
every 30 min for 1 h before (to determine the baseline levels) and
4 h after MPTP injection. Thirty minutes after the injection of
MPTP, extracellular MPP� became detectable in the Oct3�/� mice
and rose thereafter (Fig. 4E). In Oct3�/� mice, extracellular MPP�

levels were �4-fold lower than those in the Oct3�/�mice (Fig. 4E).
These significantly lower levels of extracellular MPP� available to
dopaminergic cells are consistent with the above mechanistic
hypothesis and with the lack of cell death (Fig. 3). However, in
Oct3�/� mice, the microdialysis levels of MPP� were not null,
suggesting that some extracellular MPP� may be released from
either astrocytes (via an Oct3-independent release) or serotonergic
terminals, in which MPTP can also be metabolized to MPP�.

From these same animals, changes in the levels of DA and its
metabolites [3,4-dihydroxy-phenylacetic acid (DOPAC) and ho-
movanillic acid (HVA), Fig. 4 F–H] were measured. It has been
established that MPP� enters vesicles and induces an efflux of
dopamine into the cytosol and extracellular space (17–20). Coin-
cident with the appearance of MPP� in the extracellular compart-
ment, there was an increase in striatal DA release with a peak at the
60- to 90-min interval in the Oct3�/� mice. In Oct3�/� mice, the DA
levels were �5-fold higher compared to those in Oct3�/� mice (Fig.

4F); we noted that in these mice the peak was not only higher but
also delayed (Fig. 4F). Although these results appear unexpected
because of the lower MPP� levels in the Oct3�/� mice, they are
consistent with the fact that a low amount of MPP� is sufficient to
induce DA efflux (19, 20) and consistent with the role of Oct3 in
removing excess extracellular DA. That is, in these mutant mice, in
the absence of Oct3, the efflux of DA induced by MPP� would lead
to a higher DA level in the extracellular space because of reduced
clearance. Because DA can readily be oxidized, it is possible that the
incomplete protection of the striatal dopaminergic terminals seen
in the Oct3�/� mice (Fig. 3) was a result of damage induced by
DA-related reactive species.

Oct3 Modulates Neurodegeneration via the Uptake of Extracellular
Toxic Molecules. Methamphetamine induces massive efflux of DA
from dopaminergic neurons, and both methamphetamine and DA
are substrates of Oct3 (11, 13). Methamphetamine thus affords the
opportunity to assess the function of Oct3 in the clearance of
neurotransmitters and to support further the hypothesis that excess
extracellular DA, in the context of deficient Oct3 function, causes
striatal dopaminergic fiber damage. To examine neurotransmitter
levels, an in vivo microdialysis study was performed using 2 doses
of methamphetamine. At a low dose (5 mg/kg i.p.), although efflux
of DA was induced, no significant difference between genotypes
was detectable (Fig. 5A). Because DAT is a high-affinity and
low-capacity transporter, whereas Oct3 is a low-affinity and high-
capacity transporter, Oct3 would not be involved in the clearance
of extracellular DA unless DAT is saturated by a high level of DA.

A B E F

C D G H

I J

K L

Fig. 3. Inhibition/ablation of Oct3 protected against MPTP neurotoxicity.
Oct3�/� mice and their wild-type littermates Oct3�/� (A–J), and C57BL/6 mice (K
and L) infused s.c. with either saline or varying doses of D22, were injected with
MPTP or saline. The loss of TH-positive neurons in the nigra (A–D and I) was
completely prevented in the Oct3�/� mice (I) and by D22 (K, in a dose-dependent
manner). Damage to the striatal density of TH-positive fibers (E–H, J, and L) was
also attenuated in these animals. (I and J) (a) P � 0.01 compared to the Oct3�/�

saline group; (b) P � 0.01 compared to the Oct3�/� saline group; (c) P � 0.05
compared to the Oct3�/� MPTP group, analyzed by 2-way ANOVA with treat-
ments crossed with genotypes (panel I: genotype: F1,15 � 8.70, P � 0.01; treat-
ment: F1,15 � 2.99, P � 0.10; panel J genotype: F1,15: � 6.60, P � 0.021; treatment:
F1,15 � 67.07, P � 0.001) followed by the Newman-Keuls posthoc test. (K and L) (a)
P�0.01comparedtothecontrol salinegroup; (b)P�0.05comparedtotheMPTP
group without D22, analyzed by 1-way ANOVA followed by the Newman-Keuls
post hoc test (panel K: F4,13 � 30.13, P � 0.001; panel L: F4,14 � 55.37, P � 0.001).
Data represent mean � SEM from 3–5 animals per group.

A B C

D

E

F
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H

Fig. 4. Oct3 ablation altered extracellular levels of MPP� and DA in MPTP
injected mice. Oct3�/� and their Oct3�/� littermates were stereotaxically im-
plantedwithmicrodialysisprobes intotheright striatum(A), asverified incoronal
striatal sections stained with thionin (B). Dialysates were collected every 30 min
for 1 h before MPTP injection (30 mg/kg, i.p.) for baseline measurements (pooled
for 0 time point) and for an additional 4 h after the injection, followed by HPLC
analyses for the levels of MPP� (E), DA (F), and its metabolites (G and H).
Representative HPLC chromatograms for these measurements at 90 min after
MPTP injection were illustrated in C and D. Data represent mean � SEM, n � 9 WT
and 11 KO. Areas under the curve were generated using GraphPad Prism fol-
lowed by a 2-tailed t test. *, P � 0.05 compared to the Oct3�/� group.
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Consistent with this view is our observation that, after a higher dose
of methamphetamine (30 mg/kg s.c.), levels of DA are more than
twice as high in Oct3–/– than in Oct3�/� mice (Fig. 5E).

Next, mice were injected with different doses of methamphet-
amine and the density of striatal dopaminergic terminals, which are
highly sensitive to methamphetamine toxicity, was examined. At a
dose of 5 mg/kg where there was no difference in the extracellular
level of DA between Oct3�/� and Oct3–/– mice, no difference in
neurotoxicity was detected using either 1 injection or 4 injections
every 2 h apart (Fig. 5D). However, at a dose (30 mg/kg s.c.) that
produced higher DA levels in Oct3–/– mice, significantly greater loss
of striatal nerve terminals was detected in these knockout mice
(Fig. 5H). These results were confirmed by additional immunohis-
tochemical studies aimed at labeling DAT as a second phenotypic
marker of dopaminergic terminals.

Discussion
The present study demonstrates that while Oct3 is ubiquitously
expressed in the brain (14, 21, 22), its cellular partition between
astrocytes and neurons and among neuronal subpopulations is
region specific. In particular, Oct3 immunoreactivity was detected
in the nigrostriatal astrocytes, but not in astrocytes from regions
such as cerebellum, hippocampus, and cortex. Also notable is the
lack of Oct3 immunoreactivity in dopaminergic structures from
ventral midbrain and striatum. The veracity of this striking Oct3
immunohistochemical cellular dichotomy was confirmed by quan-
titative real time RT-PCR analyses of samples obtained from laser
capture microdissection. Furthermore, our study shows that Oct3
can bidirectionally transport organic cations. In light of these
results, we propose that through astrocyte/neuron interactions,
Oct3 may contribute to or mitigate—depending on the source of
the toxic compounds—the degeneration of the ascending midbrain
dopaminergic pathways. This hypothesis is particularly appealing
given the growing body of literature on the role of glial cells,
including astrocytes, in the demise of dopaminergic neurons in both
PD and its experimental models (23).

Consistent with this proposed pathogenic scenario are our dem-
onstrations that both the inhibition and the deletion of Oct3 in mice
prevented MPTP-induced dopaminergic toxicity by blocking the
release of MPP� (an active metabolite of MPTP) from astrocytes.
These findings are significant because they provide the answer to
one of the outstanding issues about MPTP toxicokinetics. As
reviewed in ref. 1 and illustrated in Fig. S6, following MPTP
administration, this protoxin is quickly converted into MPP� by
MAO-B, an enzyme that is expressed primarily in astrocytes but not
in dopaminergic neurons. For decades, how MPP� exits astrocytes
without killing them has been a mystery. Our data provide com-
pelling evidence that before entering the neighboring dopaminergic
neurons, MPP� is released from astrocytes into the extracellular
space by a plasma membrane transporter, namely Oct3. Thus, this
novel piece of information is not only of critical value for our
understanding of the mechanism of cell death in the widely used
MPTP model of Parkinson’s disease, but it may also be extended
to other toxic cations. While our current knowledge is incomplete
regarding the array of dopaminergic toxic cations that can be
released from astrocytes through Oct3, the toxic cationic metabo-
lites of compounds such as tetraisoquinolines and �-carbolines may
be released through this mechanism on the basis of their structural
similarity to MPP� (24, 25). For instance, tetraisoquinolines can be
metabolized by MAO-B in astrocytes to form isoquinolinium
cations (24) and �-carbolines can be converted to �-carbolinium in
astrocytes by myeloperoxidase (26, 27). Both of these lipophillic
compounds, which have been linked to Parkinson’s disease, are
present in the environment, in foodstuffs, and in the brain through
endogenous formation (24, 28).

Conversely, under conditions where the abundance of extracel-
lular toxic cations is normally cleared by Oct3, increased neurode-
generation may occur if Oct3 activity is reduced. This alternative
paradigm is supported by our methamphetamine results. Mecha-
nistically, regarding the nigrostriatal pathway, methamphetamine
primarily destroys dopaminergic nerve terminals in the striatum,
but spares dopaminergic cell bodies in substantia nigra (29). The
uptake of methamphetamine into dopaminergic neurons is facili-
tated by DAT (30). Once inside monoaminergic neurons, meth-
amphetamine inhibits monoamine oxidase (31), promotes flux
reversal of DAT, and induces DA efflux from vesicles into the
cytosol and then the extracellular compartment (32, 33). All these
changes lead to a rapid increase in extracellular DA (34). It is
believed that an excess of nonvesicular DA, by inducing oxidative
stress through DA-related reactive products (35–37) or by micro-
glial activation (38), is instrumental in methamphetamine-induced
damage to dopaminergic structures. In our present study, however,
the relationship between increased extracellular DA and neurotox-

Fig. 5. Oct3 ablation increased extracellular levels of DA and striatal neuro-
toxicity in methamphetamine injected mice. Striatal microdialysis dialysates were
collected every 30 min for 1 h before methamphetamine injections (A–C: 5 mg/kg
i.p., E–G: 30 mg/kg s.c.) for baseline measurements (pooled for 0 time point) and
for an additional 4 h after the injection, followed by HPLC analyses for DA (A and
E) and its metabolite levels (B, C, F, and G). Data represent mean � SEM, n � 4–5
per genotype. Areas under the curve were generated using GraphPad Prism
followed by a 2-tailed t test. *, P � 0.05 compared to the Oct3�/� group. In other
separatestudies,animalswere injectedwitheither5mg/kg i.p. (singleorevery2h
for 4 injections, D) or 30 mg/kg s.c. (single or 2 injections 4 h apart, H) and
processed for striatal dopaminergic terminal density (D and H). Data represent
mean � SEM, n � 3–5 per group (D), n � 6–9 per group (H), (a) P � 0.05 compared
to the respective Oct3�/� methamphetamine group, (b) P � 0.01 compared to the
Oct3�/� methamphetamine 1 injection group, (c) P � 0.05 compared to the
Oct3�/� methamphetamine 1 injection group, analyzed by 2-way ANOVA with
treatments crossed with genotypes (genotype: F1,38 � 11.19, P � 0.002; treat-
ment: F2,38 � 78.86, P � 0.001) followed by the Newman-Keuls post hoc test.

Cui et al. PNAS Early Edition � 5 of 6

N
EU

RO
SC

IE
N

CE

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

O
ct

ob
er

 2
8,

 2
02

0 

http://www.pnas.org/cgi/data/0900358106/DCSupplemental/Supplemental_PDF#nameddest=SF6


icity does not appear to be strongly correlated. For example,
although a single injection of 30 mg/kg of methamphetamine (Fig.
5E) produced 2- to 4-fold higher DA efflux than that produced by
an injection of 5 mg/kg (Fig. 5A), a similar magnitude of loss in
striatal TH was detected between these regimens (Fig. 5 D and H).
These results suggest that extracellular DA alone cannot account
for neurotoxicity. However, the observation that only a high dose
of methamphetamine could induce a higher extracellular DA level
in the Oct3�/� mice is consistent with a previous study in which
these knockout mice exhibit much greater methamphetamine-
induced locomotor activity compared to their wild-type littermates
after administration of a high dose of methamphetamine (22).
Together these data support the critical role of Oct3 in the removal
of excess extracellular DA.

In conclusion, the present study highlights the existence of an
unrecognized pathway by which Oct3 modulates neurodegenera-
tion as seen in Parkinson’s disease and methamphetamine neuro-
toxicity through coordinated interactions of different cell types.
Polymorphisms of OCT3 have been reported in humans (39, 40).
These polymorphisms may reduce or inactivate the function of
OCT3 and therefore enhance the euphoria and potential for
addiction (40) and susceptibility to the toxicity of substances of
abuse. Strategies aimed at increasing OCT3 function may thus be
beneficial in drug addiction. This is analogous to amyotrophic lateral
sclerosis studies where glutamate transporter function is restored (7, 8)
in astrocytes to facilitate removal of extracellular glutamate.

Methods
Animals. Wild-type C57BL/6 mice were purchased from the Charles River Labo-
ratories. The Slc22a3-deficient mice were kindly shared with us by B. Giros and S.

Gautron (Inserm, Creteil, France). These mutant mice were generated by homol-
ogous recombination as described previously (41). The expression of Oct3 is
completely abolished in all tissues, including the brain, of adult homozygous
mutant mice (41). These animals were backcrossed with C57BL/6 mice for 6
generations to generate heterozygous breeders. All experiments were approved
by the Institution Animal Care and Use Committee of the University of Rochester.

See SI Materials and Methods for MPTP and methamphetamine treatments,
human samples, immunohistochemistry, real time qRT-PCR, stereological cell
count, LCM, in vivo microdialysis, HPLC measurements of striatal DA and MPP�

levels, cell cultures, and transport assays.

Statistics. All values are expressed as mean � SEM. Differences between means
were analyzed using either 1-way or 2-way ANOVA followed by Newman-
Keuls post hoc testing for pairwise comparison using SigmaStat v3.5. For in
vivo microdialysis data, areas under the curve were generated using GraphPad
Prism v5.01 followed by a 2-tailed t test. The null hypothesis was rejected when
P-value was �0.05.
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