levels in the NAc through potentiation of plasmalemmal and
vesicular DA uptake via induction of TNF-u expression
(Fig. 7), although the mechanism by which TNF-o is
regulated by shati remains to be elucidated.

Motif analyses have revealed that shati contains sequences
of GNAT (Niwa ef al. 2007a). Docking simulations with
acetyl-CoA or ATP conducted using Molecular Operating
Environment software reveal possible acetyl-CoA- and/or
ATP-binding sites, since there is low potential energy for
these interactions, in contrast with the prohibitively high
energy of docking with DA, DNA or nuclear localization
signals (Niwa ef al. 2007a). These results suggest shati to
have a physiological role in producing acetylcholine or the
metabolic action of ATP. Accordingly, we have to investigate
the mechanism by which shati regulates the production of
acetylcholine or metabolic roles of ATP in subsequent
studies.

In conclusion, we hypothesized that TNF-o expression
induced by shati inhibits the METH-induced increase in
extracellular DA levels in the NAc by promoting DA uptake
and finally inhibits sensitization to and the rewarding effects
of METH (Fig. 7). Targeting the shati-TNF-o system would
provide a new therapeutic approach to the treatment of
METH dependence.
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Identification of Piccolo as a regulator of behavioral
plasticity and dopamine transporter internalization

X Cen'2, A Nitta'!, D Ibi'3, Y Zhao', M Niwa', K Taguchi', M Hamada', Y Ito®, Y Ito?, L Wang,?
and T Nabeshima'®
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Dopamine transporter (DAT) internalization is a mechanism underlying the decreased
dopamine reuptake caused by addictive drugs like methamphetamine (METH). We found that
Piccolo, a presynaptic scaffolding protein, was overexpressed in the nucleus accumbens
(NAc) of the mice repeatedly administrated with METH. Piccolo downexpression by antisense
technique augmented METH-induced behavioral sensitization, conditioned reward and
synaptic dopamine accumulation in NAc. Expression of Piccolo C.A domain attenuated
METH-induced inhibition of dopamine uptake in PC12 cells expressing human DAT. Consistent
with this, it siowed down the accelerated DAT internalization induced by METH, thus
maintaining the presentation of plasmalemmal DAT. In immunostaining and structural
modeling Piccolo C.A domain displays an unusual feature of sequestering membrane
phosphatidylinositol 4,5-bisphosphate, which may underlie its role in modulating DAT
internalization. Together, our resuits indicate that Piccolo upregulation induced by METH
represents a homeostatic response in the NAc to excessive dopaminergic transmission.
Piccolo C.A domain may act as a cytoskeletal regulator for plasmalemmal DAT internalization,
which may underlie its contributions in behavioral plasticity.

Molecular Psychiatry (2008) 13, 451-463; doi:10.1038/sj.mp.4002132; published onfine 15 January 2008
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Introduction

Dopamine transporter (DAT), a member of the
Na*/Cl--dependent transporters in the dopaminergic
neurons, is critical for terminating dopamine (DA)
neurotransmission and contributes to the abuse
potential of psychostimulants. The stimulating and
reinforcing effects of drugs result from enhanced
synaptic DA accumulation in specific brain areas like
nucleus accumbens (NAc). Cocaine and methamphe-
tamine (METH; or its analogue amphetamine) elevate
extracellular DA by inhibiting DA reuptake through
DAT and, in the case of METH, also by promoting
reverse transport of nonvesicular DA, reducing plas-
ma membrane DAT through internalization, and
displacing DA from synaptic vesicle (SV) to the
cytoplasm.>?
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Membrane trafficking of DAT is closely associated
with DA homeostasis and synaptic plasticity, and
increasing evidences have showed that METH-like
drugs are able to modulate this dynamic process.® The
internalization of plasmalemmal DAT is a clathrin-
mediated process,*® and internalized DAT can be
sorted to endosomal compartments where they may
be recycled to cell surface and/or lysosome for
degradation.® Inhibition of endocytic machinery
assembly can attenuate amphetamine- or phorbol
ester-mediated DAT internalization,” whereas expres-
sion of endosomal proteins like Rab5 in endosomal
vesicles promotes amphetamine-induced intracellu-
lar DAT accumulation.® These findings strongly
suggest that manipulation of endocytic components
could be an important manner for regulating DAT
internalization.

Piccolo, a component of the presynaptic cytoskele-
tal matrix, is assembled ultrastructurally as an
electron-dense region of filaments at the active zone
(AZ). 1t is proposed to play a scaffolding role in
regulating AZ assembly,® actin cytoskeleton and SV
trafficking.1®** Piccolo contains multiple subdomains
including PDZ domain and Ca®*/phospholipid bind-
ing (C,A and C,B) domains, each of which exhibits
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distinctive features.!®'? PDZ domain may interact
with other presynaptic molecules involving molecule
anchoring and assembly at AZ.*® C,A domain shows
an unusual ability to sense intracellular changes of
Ca?* levels and then ftrigger the association with
membrane phospholipids (PIs) via electrostatic inter-
action.'* Notably, it interacts with phosphatidylino-
sitol 4,5-bisphosphate {PIP,),* a critical molecule for
actin dynamics and endocytosis. It is well established
that PIP, coordinates membrane fusion with actin
filament to promote membrane movement, and
recruits accessory adaptors for clathrin-coated pits.*®
Therefore, modulation of plasmalemmal PIP,
may affect PIP,-dependent biological processes like
membrane trafficking and endocytosis.

In this study we find that Piccole servers as
a negative presynaptic modulator for behavioral
hypersensitivity and blunts excessive dopaminergic
synaptic plasticity by regulating plasmalemmal DAT
internalization. Moreover, Piccolo C,A domain may
contribute to such distinct effects by targeting
membrane PIP,.

Materials and methods

Material

A pCMV-hDAT expression plasmid was kindly
provided by Dr Marc Caron (Duke University
Medical Center). The expression plasmids of
pCMV-HA-Piccolo-PDZ (amino acid 3900—4244),
pCMV-Myc-Piccolo-C,A (amino acid 4704-5610) and
pGEX4T-GST-p13192 (amino acid 4364—4755; named
p13192) were constructed as previously described.'”
The following antibodies were used: hDAT and
tyrosine hydroxylase (TH; Chemicon International
Inc., Billerica, MA); hemagglutinin epitope (HA) and
c-Myc (Cell Signaling, Billerica, MA); GST {Amersham
Biosciences, Uppsala, Sweden); Piccolo and Rim 2
(Synaptic Systems, Albany, OR); PIP, (Assay
Designs, Ann Arbor, MI, USA); syntaxin 1A (Santa
Cruz Biotechnology, Santa Cruz, CA); synaptophysin
(Sigma-Aldrich, St Louis, MO). The following reagents
were used: botulinum neurotoxin (Bont)/C1 and Bont/B
{(Wako Pure Chemical Industries Ltd, Osaka, Japan);
sulfo-NHS-biotin and immobilized streptavidin (Pierce,
Rockford, IL).

RT-PCR and real-time RT-PCR

Isolation of total RNA from the NAc of mice was
performed using RNeasy Mini Kit (QIAGEN, Hilden,
Germany). The mRNA productions from nine target
c¢DNA sequences of Piccolo were assayed by reverse
transcription (RT)-PCR, followed by electrophoresis.
The forward and reverse primers for the nine
sequences were shown in Supplementary Table 1.
Piccolo mRNA levels in brain NAc were validated by
quantitative real-time RT-PCR using an iCycler
System (Bio-Rad, Hercules, CA). Briefly, isolation of
total RNA was performed using RNeasy Mini Kit
(QIAGEN). For reverse transcription, 1pug RNA was
converted into a cDNA by a standard 20pl reverse
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transcriptase reaction using oligo (dT) primers
(Invitrogen, Hercules, CA) and Superscript II RT
{Bio-Rad Laboratories, Hercules, CA, USA). Total
cDNA (1 ul) was amplified in a 25 pl reaction mixture
using 0.1puM each of forward and reverse primers
and Platinum Quantitative PCR SuperMix-UDG
(Invitrogen). The primer and dye probes were de-
signed by Nippon Gene Co. Ltd (Tokyo, Japan) using
Primer Express software. The forward primer was
5'-GGATAGCGCACAAGGTTTTCC-3'  (base  pair
4180—4200) with reverse being 5-TTCAACCGAAT
CATAGGATGCTC-3' (base pair 4257—4279), and the
dye probe was 5-CACAAAGAGAATCCTGAGCTGG
TCGATGA-3' (base pair 4192—4220). Ribosomal mRNA
was used and determined as control for RNA integrity
with TagMan ribosomal RNA control reagents.

Antisense

An antisense oligodeoxynucleotide (AS; 5'-CTCTGCC
AAAACTTC-3') and a scramble oligodeoxynucleotide
(SC; 5-AACGTAGTCACGTAG-3') were synthesized
by Nippon Gene Co. Ltd. C57BL/6 mice were infused
intracerebroventricularly with AS or SC (1ulh™?,
10 nmol ml~?), made in regular artificial cerebrospinal
fluid (CSF) or CSF alone, using an implanted Alzet
minipump (AP —0.5 mm, ML + 1.0mm from bregma,
DV —2.0mm from the skull).

Locomotor activity and CPP Test

Locomotor activity was measured using an infrared
detector (Neuroscience, Tokyo, Japan) as our previous
report.’ The mice were injected with METH
(1mgkg?, s.c.) daily for 5 days (day 1-5), followed
by locomotor activity measurement at days 1, 3 and 5.
Conditioned place-preference (CPP) test was carried
out according to the methods as described before but
with modification in conditioning.*® Briefly, a mouse
was allowed to move freely between transparent and
black boxes for 20 min once per day for 3 days (from
day 2 to day 0) in the preconditioning. In the
mornings from days 1 to 3, the mouse was treated
with METH (1mgkg™, s.c.} and put in nonpreferred
box for 20min. After an interval of 12h the mouse
was treated with saline and put in the side opposite to
the METH-conditioning box for 20 min. On day 4, the
post-conditioning test was performed without drug
treatment, and place-conditioning behavior was ex-
pressed as post-value minus pre-value.

Microdialysis

C57BL/6 mice were anesthetized before a guide
cannula was implanted in the NAc (AP +1.7 mm,
ML —0.8mm from bregma, DV —4.0mm from the
skull).*® Meanwhile, a mini osmotic pump filled with
AS, SC (10 nmol m!~*) or CSF was implanted intracer-
ebroventricularly as described above. Equal numbers
of animals were assigned to METH and saline
pretreatment groups. Dialysis probes were inserted
to the guide cannula the night prior to the experiment.
Microdialysis samples were collected every 10min
(2.o0plmin~'). The DA output was. presented as



relative to the baseline (the average concentration of
four consecutive stable samples defined as 100%).

Western blotting and immunostaining

To determine expression of Piccolo, brain tissue or
cell lysate was solubilized in homogenization buffer
{(150mM NaCl, 1mM EDTA, 10mM Tris, 100 mM
Na,CQOs,, pH 11.5) with a mixture of protease inhibitor.
After shaking for 30 min and centrifugation at 4°C,
supernatants were subjected to SDS-PAGE (4% poly-
acrylamide) and transferred to polyvinylidene di-
fluoride membranes. Mouse brains or cultured cells
were fixed in 4% paraformaldehyde in PBS and
permeabilized with 0.4% Triton X-100.

Cell culture, transfection and [PH]DA uptake

PC12 cells (Riken Bioresource Center Cell Bank,
Tsukuba, Japan) were cultured on polyornithine-
coated cunlture coverslips in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10%
heat-inactivated horse serum and 5% fetal bovine
serum (FBS).® For stable expression of hDAT, PC12
cells were transfected with pCMV-hDAT using Lipo-
fectamine 2000 (Invitrogen). A stably transfected pool
was selected with 800 ugml~* geneticin (Invitrogen).
For transient expression, the cells were transfected
with the plasmids expressing different domain of
Piccolo. The primary cultured dopaminergic neurons
were separated from ventral midbrains of rat embryos
(day 14). [PHIDA uptake in hDAT-PC12 cells was
performed as described before.?® Briefly, cells were
washed in Krebs-Ringers~HEPES (KRH) buffer twice
before assay. Uptake was initiated by adding 1 uM 3,
4-(ring-2,5,6,-°"H)-DA (Perkin Elmer, Waltham, MA)
containing 10~°M pargyline and 10~°M ascorbic acid.
Uptake proceeded for 10min at 23°C and was
terminated by three rapid washes in ice-cold KRH
buffer. Accumulated [PHJDA was determined by
liquid scintillation counting (Beckman LS6500).
Nonspecific uptake was defined in the presence of
10 pM GBR12909 {Sigma).

Cell-surface biotinylation and internalization assays
Biotinylation internalization assays were performed
as described previously.® ~

Structural models

Molecule models of Piccolo C,A domain were
generated using the amino-acid sequence data from
Protein Data Bank (Gi:42543545). The C,A domain
models were energy minimized using Molecular
Operating Environment (MOE) software (Chemical
Computing Group, Montreal, Canada) to fix any
mismatches between the various structural segments.
All calculations used an MMFF94x force field and a
cutoff distance of 9.5 A for nonbinding interactions.
ASEDock of the MOE program was used for phospho-
lipids and/or Ca** ions docking stimulation.
DSviewer Lite software (Accelry Inc.,, San Diego,
USA) was used for modeling of the electrostatic
surface.
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Statistics

All data were expressed as means * s.e.m. Statistical
significance was determined by a one-way ANOVA,
followed by the Bonferroni-Dunn test for multigroup

comparisons. Differences were considered significant

when P<0.05.

Results

Overexpression of Piccolo in the NAc of METH-treated
mice

The reasons for pursuing Piccolo for intensive
investigation arose from our preliminary findings
in PCR-select cDNA subtraction strategy (Clontech
Laboratories, Palo Alto, CA, USA) for detecting the
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Figure 1 Piccolo expression in nucleus accumbens (NAc)
was upregulated by repeated methamphetamine (METH)
administration. (a) Piccolo overexpression in the NAc of a
presentative mouse after daily METH administration for
5 days was shown. (b) RT-PCR analysis revealed a significant
increase in the productions of the target sequences of
Piccolo induced by METH. (¢) Piccolo mRNA production
was elevated significantly in NAc, rather than in the frontal
cortex, striatal and hippocampus, of the mice treated with
repeated METH. Data are expressed as percent of mRNA
level of NAc in saline-treated mice (n=6). **P<0.01,

Piccolo level in NAc responding to repeated METH.
**P<0.01, compared with saline. (e} Immunostaining
showed the elevation of Piccolo immunoreactivity in the
NAc of the mice administrated with repeated METH.
Saline-treated mice (left column) and METH-treated mice
(right column).
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affected genes in the NAc by METH. The C57BL/6]
mice were daily administrated with METH (2mgkg2,
s.c.) for 5 days, and Piccolo mRNA production in the
NAc was found to increase by 240% in comparison to
that of saline-treated mice (Figure 1a). Although little
is known about the function of Piccolo in drug-
induced behavioral sensitization, its subcellular
localization, molecular functions and interacting
partners led us to presume that Piccolo overexpres-
sion elicited by METH could be involved in DA
signaling strength and presynaptic plasticity.

We performed a series of experiments to validate
the results from PCR-select cDNA subtraction. After
the mice were daily administrated with METH
(1mgkg™*, s.c.) for 5 days, Piccolo mRNA levels in
the NAc were measured semiquantitatively by RT-
PCR. As Piccolo possesses several splicing domain
structures, we amplified and analyzed 10 different
target sequences. As shown in Figure 1b, repeated
METH administration significantly elevated the
mRNA productions of the target sequences of Piccolo
in NAc. To confirm such alterations, the mRNA
productions of Piccolo in different brain regions were
measured quantitatively by real-time RT-PCR 2h
after single METH dosing (1mgkg™, s.c.) or the final
injection of daily METH administration (1mgkg?,
s.c.) for 5 days. As shown in Figure 1c, the levels
of Piccolo mRNA in the frontal cortex, striatal or
hippocampus were not affected by either single or
repeated METH administration. Remarkably, Piccolo
mRNA level in the NAc was increased following
repeated METH administration (Fi, 15y=5.58; P<0.05),
whereas it was not altered by single METH injection.
We then examined Piccolo expression in the NAc
using western blotting. Consistently, Piccolo protein
level in NAc was elevated apparently after repeated
METH administration (¢, =7.35; P<0.01; Figure 1d).
Immunostaining also revealed a strengthened Piccolo
immunoreactivity in NAc of the mice treated with
repeated METH (Figure 1e). Taken together, our data
suggest a selective increase of Piccolo expression in
NAc of behaviorally sensitized mice induced by
repeated METH dosing, rather than a global increase
of the brain. Because NAc is a brain area closely
associated with drug dependence, we presumed
that Piccolo overexpression may be involved in
dopaminergic plasticity in neural circuits, which is
critical for reward.

Piccolo modulates behavioral plasticity and synaptic
DA concentration in NAc

To correlate Piccolo expression with the behavioral
and neurcchemical phenotype to METH, we utilized
an AS strategy, which has been widely used to
manipulate gene expressions in the brain via intra-
cerebroventricular infusion.®® The designed AS,
which directs against nucleotides 2452-2466, has
been demonstrated to downregulate successfully
the expression of Piccolo in previous studies.’
Additionally, a SC was used as a control.
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The mice were infused continuously with AS, SC or
CSF using implanted osmotic minipumps for 3 days
before daily saline or METH administration
(1mgkg™?, s.c.) for 5 days. Such infusion was
sustained till the end of each behavioral test.
Locomotor activities of mice were measured at days
1, 3 and 5 immediately after drug injection (Figure 2a).
There was no difference among Piccolo AS-, SC-
or CSF-treated mice in baseline locomotor activity
throughout a 30min habituation period (data not
shown) or in response to saline (Figure 2b). Repeated
METH administration caused a progressive hyperlo-
comction in mice, and interestingly, AS-pretreated
mice developed a greater hyperlocomator activity
than those treated with SC or CSF after METH
administration for 3 days (F;.5=5.47; P<0.05;
Figure 2c). Furthermore, such enhanced hyperloco-
motor activity was sustained till day 5 despite that the
difference was not significant compared with that of
SC- or CSF-pretreated mice.

We then investigated the potential role of Piccolo in
the rewarding effects by the CPP, a classical con-
ditioning paradigm in which animals learn to prefer
an environment associated with drug exposure. The
mice were infused with AS, SC or GSF for 3 days
before the training of CPP (Figure 2d). As shown in
Figure 2e, the CSF-treated mice showed baseline
preference for either side of the test chambers prior to
METH administration, and developed the significant
place conditioning after training with METH
(Fis,42y=9.12; P<0.05). Notably, the Piccolo AS-pre-
treated mice showed approximately a double degree
of place conditioning compared to those treated with
SC or GSF, indicating that the AS-treated mice
developed an enhancement of rewarding effect to
METH. The mice were killed immediately after the
behavioral test to measure Piccolo protein levels in
NAc. Piccolo expression in NAc responding to METH
was dramatically increased, whereas AS effectively
decreased its expression (Figure 2f). These results
indicate that Piccolo downregulation was sufficient to
confer METH-enhanced sensitization and rewarding
effect, which is mediated predominantly by the
dopaminergic system. No evidence of neurotoxicity
in pathological histology was found outside of the
mechanical disruption produced by implantation of
the infusion cannula in our experimental conditions
(data not shown).

We finally measured DA release in the NAc by a
microdialysis technique. The mice were infused with
Piccolo AS, SC or CSF for 3 days before daily METH
administration (1mgkg=*, s.c.) for 3 days (Figure 2g).
The basal levels of DA in NAc did not differ among
CSF-, AS- or SC-treated mice (CSF, 0.58 £ 0.21 nM; AS,
0.49%0.17nM; SC, 0.60+0.18nM) before the final
challenge of METH. As expected, DA levels in the
NAc were markedly increased immediately after the
final challenge of METH. Obviously, AS pretreatment
promoted METH-induced DA release in the
NAc compared with SC or CSF (Fpg=5.874;
P<0.05; Figure 2h). These data strongly supported
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Figure 2 Downregulation of Piccolo expression with antisense oligodeoxynucleotide (AS) promoted methamphetamine
(METH)-induced behavioral and synaptic plasticity. (a—¢)} Mice were infused intracerebroventricularly with Piccolo AS,
scramble oligodeoxynucleotide (SC) or cerebrospinal fluid (CSF) for 3 days before daily saline (b) or METH (c) administration
for 5 days. Locomotor activities were measured at days 1, 3 and 5 (n=6). *P<0.05, compared with SC or CSF. (d, e) Mice were
infused with Piccolo AS, SC or CSF for 3 days before conditioned place-preference (CPP) training. On day 4, the post-
conditioning test was performed (n=8). **P<0.01, compared with SC or CSF in METH-treated groups, *P<0.05, compared
with CSF in saline-treated group. (f) The presentative immunoblots from western blotting indicated that Piccolo expression
in the nucleus accumbens (NAc) was inhibited by AS in the mice treated by repeated METH. (g, h) Mice were infused with
AS, SC or CSF for 3 days, followed by daily METH administration for 3 days. Microdialysis was conducted after the final
METH injection (n=4). *P<0.05, compared with SC or CSF at the same time point.

the findings in behavioral tests, suggesting that the
enhanced accumulation of DA in NAc resulted from
AS may contribute to the amplified responsiveness to
METH; moreover, Piccolo may play a role in modu-
lating synaptic DA concentration. Taken these
results together, Piccolo overexpression in NAc may
present a mechanism of opposing the behavioral
responsiveness to METH.

Piccolo is colocalized in dopaminergic neurons

To study whether Piccolo is expressed in dopaminer-
gic neurons, double immunostaining was performed
in primary cultured dopaminergic neurons. The
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immunoreactivities of Piccole and TH revealed
an extensive overlap along neuronal projections,
indicating that Piccolo is present at dopaminergic
synapse (Figure 3a). Notably, abundant Piccolo
immunoreactivity was observed as clusters and
puncta at the dopaminergic terminals (Figure 3b).
Moreover, we also found that almost all of the DAT-
immunopositive clusters were present at Piccolo-
containing clusters situated along dendritic profiles
(Figure 3c), implying the potential interplay of these
two molecules. These results strongly support the
conclusion that Piccolo is a shared component of the
dopaminergic synapses.
Molecular Psychiatry
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Figure 3 Expression of Piccolo in dopaminergic neurons.
(a) Double immunostaining showed that Piccolo is
expressed in tyrosine hydroxylase (TH)-positive neurons.
(b) Abundant expression of Piccolo is present at the
presynaptic component of cultured dopaminergic neurons.
(c) Dopamine transporter (DAT) immunoreactivity along the
dendritic profiles is paralleled with that of Piccolo.

Piccolo G,A domain attenuates the inhibition of DA
uptake induced by METH through modulating
plasmalemmal DAT expression

Total DAT expression levels showed no changes when
hDAT-PC12 cells were exposed to either METH (1 pM)
for various time periods or concentrations for 30 min
(Figures 4a and b). However, the level of cell surface
hDAT was reduced in time-dependent manner, and
importantly, such reduction was paralleled with the
extent of the inhibition of [PH]DA uptake (F 15 =25.86,
P<0.001; Figure 4c). Similar results were also
obtained in dose-dependent studies, which showed
a good correlation of the level of surface hDAT and
[*H]DA uptake responding to various concentrations
of METH (F(4,15)= 73.0, P< 0.001; Figul‘e 4d).

The schematic representations of C,A domain, PDZ
domain and a fragment between C,A domain and PDZ
domain are shown in Figure 4e. The C;A domain,
PDZ domain or the fragment were expressed in
hDAT-PC12 cells to investigate the changes in
[*HIDA uptake. We found that the cells transfected
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with C,A domain showed a slight, but not significant,
increase in [*H]DA uptake in response to saline;
moreover, transfection of PDZ domain or p13192 did
not alter [*H|DA uptake, either (Figure 4f, left panel).
We then pretreated the cells with 1uyM METH for
30min, followed by [*HJDA uptake assay. METH
obviously inhibited [PHIDA uptake, and importantly,
C,A domain-transfected cells showed a higher
level of [*H]DA uptake compared with empty pCMV
(Stratagene, La Jolla, CA; F.0=18.68, P<0.01),
indicating that the C,A domain expression could
attenuate METH-induced inhibition of DA uptake
(Figure 4f, right panel).

Because an increase in DA uptake could be resulted
from more DAT molecules expressed at the cell
surface, we introduced these vectors into hDAT-
PC12 cells, and analyzed plasmalemmal hDAT ex-
pression by cell-surface biotinylation. The expression
levels of cell-surface hDAT did not increase signifi-
cantly after transfection of C;A domain, PDZ domain
or p13192 in basal conditions (Figure 4g). When the
cells were pretreated with 1 pM METH for 30 min, C,A
domain transfection significantly attenuated the
decrease in cell surface hDAT level compared to
PCMV (F3=14.61, P<0.01}), whereas PDZ domain
and p13192 showed no effects {(Figure 4h). Such
change was consistent with that of [FH]DA uptake
shown in TFigure 4f, indicating that Piccolo
C;A domain may attenuate the METH-induced
inhibition of DA uptake and maintain DAT expression
at cell surface.

Piccolo C,A domain modulates DAT internalization by
a mechanism of membrane association

Given that DAT can be internalized and/or recycled,
we speculated that the decreased lose of membrane
DAT induced by METH in C,A domain-transfected
cells could be resulted from attenuated DAT inter-
nalization. To test this hypothesis, DAT internaliza-
tion was measured by reversible biotinylation in
hDAT-PC12 cells. We found that C,A domain expres-
sion could not affect the basal DAT internalization, as
revealed by the similar amount of internalized
DAT among all groups (Figure 5a). However, DAT
internalization was significantly attenuated by C.A
domain expression when the cells were exposed to
1uM METH for 30min (Fg4 =8.55, P<0.01; Figure
5b). Expression of both PDZ domain and p13192
failed to affect the basal or METH-induced DAT
internalization. Double immunostaining for hDAT
and c-Myc-tagged C,A domain showed the similar
findings that the cells transfected with C,A domain
still maintained a strong plasmalemmal hDAT
immunoreactivity responding to METH, whereas a
relatively large amount of internalized hDAT was
observed in cytosolic compartments of the cells
transfected with empty pCMV (Figure 5c). These
results indicated that Piccolo C,A domain attenuates
METH-induced DAT internalization, which accounts
for the decrease in the loss of DAT at cell surface.



a total DAT
~§8KDa| T hers vt oo g
~$7kDa| - .-
0 15 30 45 60
Time (min)
[+
surface DAT
~88kDa| . ]
0 15 30 45 60
Time (min)
% % 125
£ Z 00| &
< E 75
3 0
£ s
0 5 15 30 60
Time (min)
C2Adomain

e

—

PDZ domain —m

aa 43644755
(p13192)

E

total DAT

surface DAT - e
vector PDZ C,A p13192

200

150

100

50

0
vector PDZ C,A pl13192

surface hDAT
( % of control)

Piccolo regulates DAT internalization

X Cen et af
457
b total DAT
~88 kDa “ P o cwmis i
~57kDa
0 02505 1 10
METH ( uM)
d
surface DAT
~88kDa | - |
0 025 05 1 10
METH ( uM)
g _é: 125
) g 100
< 8 75
a 3%
T s 50
= - 25F ) . ) N
0 025 05 t 10
METH (uM)
f 150

[*H] DA uptake
( % of controf)

il i

sy & & T &S
FOs §O8s
- ] ]

saline

o "’o,-

METH

total DAT

- g - |
vector PDZ C,A pi3i92

surface DAT

200
150
100
50
0
vector PDZ C,A p13192

¥

surface hDAT

( % of control)

Figure 4 Piccolo C,A domain increased dopamine (DA) uptake and dopamine transporter (DAT) surface expression.
(a, b) Methamphetamine (METH) could not alter the total DAT expression levels in hDAT-PC12 cells in both time- (a) and
dose-dependent studies (b). (c) METH (1 M) decreased plasmalemmal DAT expression (top) in time-dependent manner,
which was paralleled with the decrease in [*H]DA uptake (bottom). **P<0.01, compared with the basal level. (d) METH
decreased DAT expression at the cell surface dose-dependently (top), which was consistent with the decrease in PHJDA
uptake (bottom). **P<0.01 and *P<0.05, compared with the basal level, (e) Schematic representations of C,A domain, PDZ
domain and a fragment (amino acid 4364-4755). (f) Piccolo C,A domain attenuated the METH-induced inhibition of
[PHIDA uptake (right panel), but failed to change the basal DA uptake (left panel) (n=6). **P<0.01, compared with pCMV.

(g, h) Piccolo C;A domain could not influence DAT surface expression in hDAT-PC12 cells responding to saline (g). However,
it attenuated METH-induced loss of surface DAT (h). **P<0.01, compared with pCMV in METH-treated group.

To study the potential mechanism underlying the
action of Piccolo C,A domain on DAT internalization,
we introduced C,A domain into hDAT-PC12 cells and
then analyzed membrane subcellular distributions of
Piccolo, C,A domain, hDAT as well as PIP,. The cells
were homogenized in regular RIPA buffer containing
1% Triton-X 100, and separated into a soluble super-
natant and a particulate membrane fraction (120000g,

60-min pellet). The latter was solubilized again in
RIPA buffer or RIPA buffer containing 0.1 M Na,CO,
(pH 11.5), which can extract a major part of detergent-
resistant Piccolo protein from brain tissues.’? As
shown in Figure 5d, Piccolo, Piccolo C,A domain
and PIP, did not fractionate like a soluble cytosolic
protein but was mainly found in membrane sediment
extracted by Na,CO,, indicating that a substantial
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Figure 5 Piccolo modulates dopamine transporter (DAT) internalization by a mechanism of membrane association.
(a, b) After transfection with various vectors the hDAT-PC12 cells were biotinylated and treated with either saline (a) or 1M
methamphetamine (METH) (b) for 30 min to initiate endocytosis. Top, representative blots of internalized hDAT. Bottom,
guantitation of hDAT immunoreactivity. P<0.01, compared with empty vector (pCMV) in METH-treated group. (c) The
internalization of hDAT (red) was triggered by exposure of 1 yM METH for 30 min. The cells transfected with empty vector
(pCMV) show enriched internalized hDAT (left panel), whereas the cells transfected with c-Myc-tagged-C,A domain (green)
reveal the strong plasmalemmal hDAT immunoreactivity (right panel). Internalized hDAT is depicted. (d) Distributions of
Piccolo, c-Myc-tagged C,A domain, hDAT, PIP, and other presynaptic proteins in hDAT-PC12 cells. The cells and membrane
fractions were extracted with RIPA buffer containing 0.1 M Na,CO; (pH 11.5) or not. (e) The transfected Piccolo C,A domain
specially targets plasma membrane in hDAT-PC12 cells. (f) Piccolo C,A domain shows a paralleled immunoreactivity pattern
at plasmalemmal rafts with hDAT (arrowhead).

fraction of membrane-bound Piccolo, C,A domain  sediment extracted by Na,CO,, indicating that a
and PIP, are associated with the same plasmalemmal  relatively major part of membrane DAT is localized
rafts. Interestingly, a significant amount of hDAT was  at the same subcellular fraction with Piccolo C,A
also recovered in both soluble fraction and membrane  domain and PIP,. The similar distributions of these
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components in lipid raft fractions hint that C.A
domain-PIP, interaction may be involved in the
distribution of plasmalemmal DAT. In contrast,
syntaxin 1A and synaptophysin, the integral mem-
brane proteins, were almost completely recovered in
soluble cytosolic fraction, but not in a detergent-
resistant fraction. Rim 2, a scaffolding protein with G,
domain, is known to interact with Piccolo and to
regulate presynaptic events. However, its similar
subdistribution in the three fractions was different
from that of Piccolo C,A domain. To get an insight
into the interplay among DAT, Piccolo C,A domain
and PIP,, double immunostaining was performed. We
found that Piccolo C,A domain mainly anchored
nonuniformly to the inner leaflet of plasma membrane
(Figure 5e), which is consistent with its property of
targeting membrane PIP,. Notably, the distribution
pattern of C,A domain resembled that of hDAT, as
revealed by the paralleled immunoreactivities at
membrane microdomains (Figure 51).

Internalization of plasmalemmal DAT is
PIP,-dependent

The concept of PIP, as a spatially localized regulator
of membrane trafficking is clearly illustrated by its
key role in clathrin-mediated endocytosis for trans-
porter. If plasmalemmal DAT is triggered to inter-
nalize by METH, it should be accompanied by PIP; for
recruiting endocytic adaptors through PIP,-binding
modules. To test this idea, hDAT and PIP, were
double-stained in hDAT-PC12 cells after treatment of
saline or 1uM METH for 30min. Surprisingly, the
internalized DAT triggered by METH was found to
colocalize with the PIP, in the cytosolic compartment
(Figure 6, bottom panel), whereas the saline-treated
cells only showed the constitutively internalized PIP,
and DAT (Figure 6, top panel). These results further
demonstrated that DAT internalization is also a
clathrin-dependent process requiring the assembly
of endocytic components like PIP,.

IR AN
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Interaction of Piccolo C,A domain and PIP,

Although Piccolo C,A domain binding to PIP, has
been demonstrated using artificial membranes,*®
there is no evidence indicating interaction of the
two molecules in living models. We first investigated

whether plasmalemmal clusters of Piccolo immuno-’

reactivity coincide with sites of local PIP, accumula-
tion using double immunostaining. The clusters of
Piccolo immunoreactivities in dendrite profile colo-
calized precisely with those of PIP, in the primary
cultured dopaminergic neurons (Figure 7a). More-
over, the localization of transfected C,A domain in
hDAT-PC12 cells was similar with that of PIP,, which
revealed a patchy staining pattern at plasma mem-
brane (Figure 7b). Importantly, the clusters with
strong immunoreactivity of C,A domain also showed
substantially larger and stronger labeling macroscopic
of PIP, clusters, indicating that C,A domain may
sequester PIP,, thus augmenting the formation
of microscopically detectable plasmalemmal PIP,
clusters.

To better understand the interaction of the two
molecules, we generated a PIs binding model of
Piccolo C,A domain with Ca?* docking. As show in
Figure 7c, the three-dimensional structure indicated
that the predicted Pls binding sites are Ca**-binding
loops at the top of C,A domain, which shows the
similar binding residues for phosphatidylinositol (PI),
phosphatidylinositol 4-phosphate (PIP) and PIP,.
Notably, the crystal packing contacts for PIP, were
the clusters of basic/aromatic residues including
4668-4670 (DNN), 4697—4698 (QK), 4738-4743
(DYDRFS) and 4746 (D). The potential importance
of these residues is highlighted by the fact that they
are completely conserved among rat, mouse, human
and chicken Piccolo.?? Calculation of the electrostatic
surface potential of C,A domain showed that PIP,
binding sites are positively charged (Figure 7d),
further indicating that clustering PIs by C.A domain
depends on electrostatic interactions between the

Figure 6 Piccolo G,A domain attenuates dopamine transporter (DAT) internalization responding to methamphetamine
(METH). Double-immunostaining of PIP, (red) and hDAT (green) in hDAT-PC12 cells. The internalization of hDAT was
promoted by METH, which is accompanied by PIP, (bottom panel). The saline-treated cells show strong immunoreactivities

of both hDAT and PIP, (top panel).
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Figure 7 Interaction of Piccolo and PIP,. (a) PIP, (red) colocalizes precisely with Piccolo (green) along the presynaptic
terminal in primary cultured dopaminergic neurons (arrowed). (b) PIP, (red) accumulates at plasmalemmal rafts, where it
colocalizes with Piccolo (green) in hDAT-PC12 cells. Arrowheads point to regions of intense staining of PIP, and Piccolo.
(c) Model of Piccolo C,A domain with three bound Ca?* ions on top (green spheres). The top surface of C,A domain shows
the binding sites for the headgroups of PIs. (d) Surface plot showing the electrostatic potentlal of C,A domain. Blue, positive;
red, negative charge; white, neutral. PIP; is pointed. (e) Space-filling model of PIP2 is shown on top in pink C,A domain,
which provides a cupped shape of polybasic region to accommodate PIP..

positively charged residues in proteins and the
negatively charged headgroups of Pls. The lowest
binding energies of Piccolo C,A domain for PI, PIP
and PIP, with Ca?* docking were —59.491, —93.229
and —102.642 Kcal, respectively, suggesting a specific
interaction between PIP, and C,A domain. Further-
more, the space-filling model showed that PIP, is
tightly packed against the top surface of C;A domain,
which forms a favorable pocket to accommodate the
moiety of PIP, (Figure 7e).

Piccolo regulated DAT function not through syntaxin 1A-

As syntaxin 1A has been demonstrated to regulate
the expressions and activities of serotonin trans-
porter (SERT) and y-aminobutyric acid (GABA)
transporters,?*?* Piccolo might regulate DAT surface
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expression through interaction with syntaxin 1A. We
first investigated whether syntaxin 1A could bind to
Piccolo, though syntaxin is identified to bind to
Piccolo.?® The lysates from hDAT-PC12 cells were
immunoprecipitated with anti-syntaxin 1A, followed
by hDAT immunoblotting. As shown in Supplemen-
tary Figure 1a, hDAT were present in the lysate. As
expected, we also detected co-immunoprecipitation
of hDAT and syntaxin 1A in following immunopreci-
pitation with anti-hDAT (Supplementary Figure 1b).
These results showed an apparent association of these
two molecules, which was supported by previous
reports.?®* We then investigated whether syntaxin
1A could regulate DAT activity. The hDAT-PC12
cells were pretreated with Bont/C1, a toxin that
specifically cleaves syntaxin 1A, followed by



[*HIDA uptake assay; moreover, Bont/B that specifi-
cally cleaves the vesicle N-ethylmaleimide-sensitive
factor attachment receptor protein synaptobrevin was
used as a control. As shown in Supplementary Figure
1c, Bont/C1 (0.5-5nM) failed to alter the [FH]DA
uptake in the cells treated with saline. Although
Bont/C1 slightly elevated [PHJDA uptake in the
cells exposed to METH compared with Bont/B, the
difference was not significant. To exclude that such
incapability of Bont/C1 in modulating DA uptake
was a result of the low concentration or short
exposure time, we treated the cells with Bont/C1 at
0.25 pM for 6 h. However, [°'HIDA uptake was also not
altered (data not shown). Additionally, exposure of
METH at the concentration ranging from 0.5-20 uM
for 30min did not alter the expression level of
syntaxin 1A in hDAT-PC12 cells (data not shown).
Taken together, these data suggest that DAT and
syntaxin 1A may mechanically, but not functionally,
interact. Given the incapability of syntaxin 1A itself
in modulating DAT, it unlikely mediates the role of
Piccolo in regulating DAT expression at plasma
membrane.

Discussion

The contribution of dopaminergic transmission to
behavioral sensitization has been well recognized.
Expression of certain proteins appears to be compen-
satory adaptation to the excessive DA signaling,
which could be biologically adaptive mechanisms
contributing to addiction. Nevertheless, some pro-
teins likely function in a reverse manner. For
example, we have previously found that the expres-
sion of tissue plasminogen activator plays a positive
role in morphine-induced synaptic plasticity,*
whereas tumor necrosis factor-o expression in NAc
inhibits METH-induced dependence.'® Piccolo ex-
pression was upregulated by repeated METH adminis-
tration and partial knockdown of Piccolo expression
by antisense technique led to elevated synaptic DA
concentration in the NAc and two major behavioral
manifestations in mice: heightened hyperlocomotor
activity and rewarding effect. These findings strongly
show that Piccolo overexpression elicited by METH
may serve as a homeostatic mechanism that prevents
behavioral sensitization by maintaining the expres-
sion and activity of the plasmalemmal DAT.

The human Piccolo gene contains more than 25
exons spanning over 350kb of genomic DNA maps to
7q11.23-q21.3, a region of chromosome 7 implicated
as a linkage site for autism and Williams Syndrome.*?
Therefore, dysfunction of Piccolo may be involved in
cognitive impairment and mental retardation.*” The
mechanism underlying Piccolo upregulation caused
by METH remains to be elucidated. Nevertheless,
inhibitory feedback to the excessive DA signaling
would be a plausible candidate.

Piccolo has been reported to localize at the
GABAergic and glycinergic presynaptic terminal,*
and our findings in immunostaining demonstrated
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that it is also expressed at dopaminergic presynaptic
terminal. DAT can be internalized from the plasma
membrane at a relatively rapid rate, which provides a
mechanism by which the turnover rate and density of
the plasmalemmal DAT can be quickly and finely
modulated.®® Signaling molecules, glycosylation and
DAT substrates have been shown to regulate DAT
membrane trafficking. Given these findings in vivo
behaviors tests and the properties of Piccolo, we
assumed that Piccolo may play a role in modulating
DA flux and DAT distribution at dopaminergic
terminals. To address this issue, we investigated DA
uptake and membrane DAT expression in hDAT-PC12
cells expressing different functional domain of Pic-
colo. METH caused DA uptake inhibition in parallel
with decreased DAT surface expression, which was
well consistent with those works defining the
dynamically internalized DAT in hDAT-PC12 cells
triggered by amphetamine. These results further
support the notion that redistribution of surface
DAT caused by METH-like drugs may present an
important mechanism underlying the consequently
reduced DAT activity. Our data showed that Piccolo
C,A, but not PDZ domain, attenuated METH-induced
DA uptake inhibition by retaining DAT expression at
cell surface. Because DAT can be internalized and/or
recycled, we speculated that the decreased loss of
membrane DAT could be resulted from attenuated
DAT internalization. Such hypothesis was demons-
trated by reversible biotinylation, which revealed the
decreased DAT internalization in C,A domain-trans-
fected cells responding to METH.

1t is well established that PIP, functions in regulat-
ing cytoskeleton, channels and transporters, and
membrane trafficking at presynaptic terminal’®?%2°
Especially, PIP, is essential at several stages of
endocytosis for the sequential recruitment of adaptor
and accessory proteins to endocytic sites.*>** METH
rapidly causes both DAT internalization and confor-
mational rearrangement to an intracellularly oriented
transporter from which DA is released. Such process
is proposed to be a drastic membrane movement and
requires PIP, to assemble various molecules to form
endocytic compartment. Significantly, we found that
PIP, exhibits a similar distribution pattern with DAT
at membrane microdomains. Furthermore, interna-
lized DTA triggered by METH is accompanied with
PIP, in endocytic compartments. These results in-
dicate that PIP, is an important regulator in the
process of DAT internalization.

A couple of scaffolding proteins such as GAP43,
CAP23 and Dap160 have shown their ability to
sequester membrane PIP,, thus potentially modulat-
ing the endocytic process.®** In this study we
obtained several evidences further supporting the
notion that Piccolo can electrostatically sequester
PIP,. Firstly, Piccolo C,A domain may laterally bind
membrane PIP,, and augment PIP, clusters in hDAT-
PC12 cells. In principle, the augmented clusters could
represent the sequestration of phospholipids like PIP,
at the plasma membrane.® Secondly, the crystal
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packing contacts for PIP, were the clusters of basic/
aromatic residues, which exhibit a universal capabi-
lity of sequestering membrane PIP,.*® Thirdly, the
space-filling model showed that Piccolo C;A domain
may pocket PIP, by a cupped shape of polybasic
region, where the local positive potential electrosta-
tically attracts the negatively charged PIP,. Finally,
C:A domain shows stronger interacting potential with
PIP, than PI or PIP. Our results are consistent with
previous investigations indicating that PIs binding
with Piccolo C,A domain is largely driven by
electrostatic interaction.*®

Based on these findings, we speculated that Piccolo
C,A domain may regulate METH-triggered DAT
internalization through sequestering PIP,, and the
findings in immunostaining strongly support this
prediction. Piccolo C,A domain mainly anchors
nonuniformly to the inner leaflet, which is accom-
panied with the retention of DAT and PIP, at
membrane microdomains; moreover, it clearly atte-
nuated METH-triggered DAT and PIP, internalization
in cytosol. These results show that Piccolo may
sequester or ‘control’ locally PIP, by C,A domain in
membrane raft and suppress PIP,-dependent endocy-
tic process, thus leading to the attenuated DAT
internalization.

How does the Piccolo C,A domain~PIP, interaction
fulfill a function in modulating DAT internalization
and psychostimulant responsiveness? An explanation
could be that the endocytic process for DAT inter-
nalization is inhibited directly through PIP, seques-
tration. Given the strong dependence of the endocytic
machinery on PIP,, more membrane PIP, is consider-
ably mobilized for the accelerated DAT internalization
triggered by METH. This situation would place the
endocytic machinery of dopaminergic presynaptic
terminal in a compromised position of insufficient
availability of PIP,, and thus slowing down the DAT
internalization. Similarly, a dominant-negative mu-
tant of dynamin I, a component of endocytic machin-
ery, inhibits both PKC- and amphetamine-dependent
DAT internalization;”*® interruption of adaptor pro-
teins present in clathrin-coated pits like epsin inter-
feres with DAT endocytosis.”” Another explanation
could be that Piccolo C,A domain may retain DAT at
cell surface by promoting membrane stability. METH
causes both DAT internalization and conformational
rearrangement to an intracellularly oriented transpor-
ter from which DA is released. In this process PIP,
acts as a positive regulator in modulating actin
filament assembly and membrane movement by
creating membrane microdomains and binding pro-
teins with lipid-specific interaction.®*3® Therefore,
overexpressed Piccolo elicited by METH may en-
hance the association with membrane PIP, or other
PIs through C,A domain and disturb PIP,-dependent
actin assembly, thereby strengthening membrane
stability and weakening DAT internalization. In this
case, Piccolo may function as a general stabilizer for
plasma membrane and DAT. It is worth noting that
protein interacting with C kinase 1 (PICK1), a skeletal
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component, may also stabilize and maintain DAT at
plasma membrane.*°

Piccolo likely binds to syntaxin 1A through its C,A
domain, because synaptotagmin C,A domain which
shares a great structural similarity with Piccolo C,A
domain interacts with syntaxin 1A.*5° Syntaxin 1A
directly regulates the expressions and activities of
SERT and GABA transporter.>** Interestingly, a
recent work has identified that syntaxin 1A also
binds to DAT.?® However, Piccolo C,A domain
appears not to regulate METH-induced DAT inter-
nalization through syntaxin 1A, because DA uptake is
not affected when syntaxin 1A is inhibited.

Our findings reveal that Piccolo is capable of
regulating METH-induced DAT internalization, lead-
ing to the change of DA signaling and synaptic
strength. The precise mechanism underlying the role
of C,A domain-PIP, interplay in DAT internalization
remains to be determined. No matter which mecha-
nism could be more reasonable, sequestration of PIP,
in lateral domains through C,A domain appears to be
important for Piccolo to regulate DAT internalization.
Therefore, a greater understanding of the molecular
regulators for PIP,, which governs DAT trafficking,
would shed light on the modulation of DAT surface
presentation. Further investigation measuring mem-
brane fluorescence resonance energy transfer and PIP,
turnover/mobilization will help interpret the contri-
bution of the proposed mechanisms.

The present investigation illustrates a paradigm
that Piccolo, a presynaptic scaffolding protein, targets
membrane PIP, by its C,A domain, contributing to the
regulation of DAT internalization. Pictolo upregula-
tion may represent a homeostatic response of dopa-
minergic neurons in the NAc to excessive
dopaminergic transmission, dampening hypersensi-
tivity and rewarding effect.
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Piccolo regulates dopamine transporter internalization via
PIP,
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T Nabeshima'®
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Japan; 2National Chengdu Center for Safety Evaluation of Drugs, West China Hospital, Sichuan University, Chengdu, China;
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Meijo University Graduate School of Pharmaceutical Sciences, Nagoya, Japan
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Two left upper panels show that piccolo is not colocalized with tyrosine hydroxyls (TH)-positive neurons. Two
left middle panels show that piccolo is colocalized with dopamine transporter (DAT)-positive neurons. Bottom
three panels show piccolo C2A domain (left; green), dopamine transporter (middle; red) and merge image
(right). Most upper right panel is docking simulation between piccolo C2A domain and PIP, under Ca** present
condition. The right middle panel shows the piccolo C2A domain is colocalized with dopamine transporter in
normal condition. For more information on this topic see the paper by Cen et al. on pages 451-463.
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