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Abstract

Parkin is the most common causative gene of juvenile and
early-onset familial Parkinson’s diseases and is thought to
function as an E3 ubiquitin ligase in the ubiquitin-proteasome
system. However, it remains unclear how loss of Parkin pro-
tein causes dopaminergic dysfunction and nigral neuro-
degeneration. To investigate the pathogenic mechanism
underlying these mutations, we used parkin—/— mice to study
its physiological function in the nigrostriatal circuit. Ampero-
metric recordings showed decreases in evoked dopamine
release in acute striatal slices of parkin—/— mice and reduc-
tions in the total catecholamine release and quantal size in
dissociated chromaffin cells derived from parkin—/— mice.
Intracellular recordings of striatal medium spiny neurons

Parkinson’s disease (PD) is a common, progressive neuro-
degenerative disorder that is clinically characterized by
resting tremor, bradykinesia, rigidity, and postural imbalance.
It is neuropathologically characterized by the loss of nigral
neurons, resulting in impaired dopaminergic projection to the
striatum. Since the identification of the causative mutations
in the parkin gene for autosomal recessive juvenile parkin-
sonism (AR-JP) in 1998, a large variety of mutations have
been found among different ethnic groups throughout the
world (Hattori et al. 1998; Kitada et al. 1998; Lucking et al.
2000; Hedrich et al. 2004). Because Parkin functions as an
E3 ubiquitin ligase in the ubiquitin proteasome system, loss
of Parkin function is thought to cause an accumulation of
excess target proteins through failure in their degradation
(Shimura et al. 2000).

The disease usually has a very early onset before the age
of 40 and has some specific clinical features of prominent
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revealed impairments of long-term depression and long-term
potentiation in parkin—/— mice, whereas long-term potentiation
was normal in the Schaeffer collateral pathway of the hippo-
campus. Levels of dopamine receptors and dopamine trans-
porters were normal in the parkin—/— striatum. These results
indicate that Parkin is involved in the regulation of evoked
dopamine release and striatal synaptic plasticity in the nigro-
striatal pathway, and suggest that impairment in evoked
dopamine release may represent a common pathophysiolog-
ical change in recessive parkinsonism.

Keywords: dopamine transporter, dopaminergic, knockout,
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sleep benefit/diurnal fluctuation, morning foot dystonia, a
tendency to develop dyskinesias in response to levodopa, and
psychiatric problems in addition to typical parkinsonian
tetrads (Yamamura ef al. 1973, 2000). Although these
symptoms suggest the presence of abnormal dopaminergic
metabolism or signaling in the patients, the underlying
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pathophysiological mechanism is unknown. Moreover, some
PD patients carry various single heterozygous parkin muta-
tions, suggesting low penetrance associated with reduced
parkin dosages (Foroud et al. 2003; Sun et al. 2006).

Recent clinical studies for other recessive PD genes, i.e.,
DJ-1 and PINKI, showed that in addition to typical
parkinsonian features, patients carrying mutations in DJ-/
or PINKI sometimes also exhibit specific clinical features
that are similar to those of patients carrying parkin mutations
(Bonifati et al. 2002; Dekker et al. 2003; Albanese et al.
2005). These findings suggest that loss of function mutations
in these three genes may cause similar dopaminergic
impairment. In fact, DJ-1 and PINKI knockout mice exhibit
reduced dopamine (DA) overflow and impaired striatal
synaptic plasticity (Goldberg et al. 2005; Kitada et al.
2007). These results imply that parkin insufficiency may
cause a similar impairment in the dopaminergic circuit.

To investigate the pathogenic mechanisms underlying
parkin mutations, we performed functional analysis of the
nigrostriatal circuit in parkin knockout mice. Amperometric
recordings revealed decreases in evoked DA release in acute
striatal slices of parkin—/— mice. Consistent with this result,
total catecholamine release and quantal size are also reduced
in dissociated chromaffin cells derived from homozygous
and heterozygous parkin knockout mice. Furthermore,
intracellular recordings of striatal medium spiny neurons
(MSNs) revealed specific impairments of long-term depres-
sion (LTD) and long-term potentiation (LTP) in parkin
knockout mice, whereas hippocampal LTP is normal.

Materials and methods

Mice

Parkin—/— mice bearing a germline disruption of exon 3 and wild-
type controls were obtained from parkin—/+ mice intercross in the
hybrid background of C57BL/6 and 129/Sv as previously described
(Goldberg et al. 2003). Mice used for amperometric recordings were
female at the age of 8-16 weeks. Mice used for intracellular
recordings were gender-balanced at the age of 8—11 weeks.

Amperometric recording

Acute coronal striatal slices and carbon fiber microelectrodes (7 pm
tip diameter) were prepared as described elsewhere (Kitada et al.
2007). A constant monophasic current stimulus was applied to the site
of recording through a bipolar stimulating electrode. Parameters of
stimulation included single rectangular pulse of 2 ms, +500 pA
amplitude; a train of five single pulses was delivered with an
interstimulus interval of 5 min to allow full recovery. Local bath
application of the DA reuptake blocker, nomifensine (3 pM), for at
least 30 min was also used in order to assess the contribution of
reuptake in the evoked DA signal. Data acquisition occurred at
50 kHz and was digitally post-filtered at 1 kHz. Data analysis
included spike amplitude, spike width, and number of molecules as
derived by the charge of each spike. Estimates were based on an
assumption of two electrons donated per oxidized molecule of DA
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(Ciolkowski et al. 1994). Amperometric spikes were identified as
events with greater than 4.5x the root mean square noise of the
baseline following the stimulus artifact. The five single pulses perslice
were averaged into a grand mean and the means of the values obtained
from the two genotypic groups were compared with One-way ANOVA.

For preparation of primary dissociated adrenal chromaffin cells,
dissected medullae were minced into pieces and dissociated by
incubation at 37°C with Ca®"-free collagenase subtype IA solution
(0.2%) for 35 min. The digested tissues were triturated gently in 1%
bovine serum albumin and 0.02% deoxyribonuclease. The dissoci-
ated cells were resuspended in a medium composed of Dulbecco’s
modified Eagle’s medium, 10% fetal bovine serum, 50 U/mL
penicillin, and 50 pg/mL streptomycin. The cell suspension was
placed onto laminin-coated glass wells in 35-mm dishes, and flooded
with Dulbecco’s modified Eagle’s medium-based culture medium.
Cells were maintained in a 5% CO, incubator at 37°C. Amperometric
recordings were taken between days 1 and 3 post-plating with carbon
fiber microelectrodes (5 pm tip diameter). Amperometric recordings
were monitored from individual chromaffin cells after picospritzing
an 80 mM K solution for 6 s on each cell. Data acquisition occurred
at 50 kHz and was digitally post-filtered at 1 kHz. Statistical
significance was analysed through One-way anova of the means for
quantal size, amplitude, width, and interspike interval.

Intracellular recordings for MSNs

Corticostriatal slices (180-250 um) were prepared as previously
described (Kitada et al. 2007). Coronal slices were cut in Krebs’
solution (in mM: 126 NaCl, 2.5 KCI, 1.3 MgCl,, 1.2 NaH,PO,, 2.4
CaCl,, 10 glucose, and 18 NaHCOs), bubbled with 95% O, and 5%
CO,. Individual slices were transferred in a recording chamber
(~1 mL volume), continuously superfused with oxygenated Krebs’
medium, at 2.5-3 mL/min (32-33°C). Current clamp recordings
were performed from MSNs using sharp microelectrodes filled with
2 M KCI (40-60 M£). Signal acquisition and off-line analysis was
performed using an Axoclamp 2B amplifier and pClamp9 software
(Axon Instruments, Foster City, CA, USA). Corticostriatal excit-
atory post-synaptic potentials (EPSPs) were evoked with a bipolar
electrode placed in the corpus callosum. Test stimuli were delivered
at 0.1 Hz in 10 uM bicuculline to avoid contamination with GABA-
A currents. For high-frequency stimulation (HFS, three trains: 3 s
duration, 100 Hz frequency, 20 s intervals), stimulus intensity was
raised to suprathreshold levels. For each recorded cell, the EPSP
amplitude was averaged every 20 s. This value was plotted as a
percentage of the averaged EPSP amplitude during a stable period of
at least 15 min preceding HFS. Values given were mean + SEM.
Student’s #-test and ANOva test were used to assess statistical
significance. Post hoc Tukey test was performed among groups
(o0 = 0.01). Amphetamine was a generous gift of Nicola B. Mercuri.
SKF and quinpirole were obtained from Tocris Cookson (Bristol,
UK), bicuculline was obtained from Sigma (Milan, Italy).

Hippocampal electrophysiology

Acute hippocampal slices (400 um) were cut and maintained in
artificial cerebrospinal fluid (in mM: 119 NaCl, 2.5 KCI, 1 NaH,POy,,
2 MgCl,, 2 CaCl,, 26 NaHCO;3, and 11 dextrose, pH 7.4) at 30°C as
described (Saura er al. 2004). Stimulation (200 ps) pulses were
delivered with a bipolar concentric metal electrode. Synaptic
strength was quantified as the initial slope of field potentials
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recorded with artificial CSF-filled microelectrodes (~1 MQ).
Baseline responses were collected every 15 s with a stimulation
intensity that yielded 50-60% of maximal response. LTP was
induced by five episodes of theta burst stimulation (TBS) delivered
at 0.1 Hz. Each episode contained 10 stimulus trains (four pulses at
100 Hz) delivered at 5 Hz. Average responses (mean + SEM) were
expressed as percent of pre-TBS baseline response. Repeated
measures ANOVA and non-paired #-test were used to assess statistical
significance.

Radioligand binding autoradiography

Ligand labeling for D;-like and D,-like receptor sites was essentially
carried out as described in (Kitada ef al. 2007). Briefly, to measure
the density of D;-like receptor sites, slide-mounted brain sections
(20 pm) were incubated for 1 h at 25°C in 50 mM Tris—HCI (pH
7.4) containing 4 mM MgCl, and 1 nM [°H]-SCH23390 (85.0 Ci/
mmol; PerkinElmer, Waltham, MA, USA). Non-specific binding
was determined using 1 uM unlabeled SCH23390 (Sigma). To
measure D,-like receptor sites, brain sections were incubated for 1 h
at 25°C in specific incubation buffer containing 0.6 nM [*H]-
spiperone (15.0 Ci/mmol; PerkinElmer). Non-specific binding was
defined using 10 pM unlabeled spiperone (Sigma). After incubation,
brain sections were rinsed twice in the respective incubation buffer
for 5 min each time. After air dry, sections were placed on imaging
plates (BAS-TR2025; Fujifilm, Stamford, CT, USA). The imaging
plates were scanned with a high-performance imaging plate reader
(BASS5000; Fuji film). Quantitative analysis of the radioactivity was
processed by the image analysis software (Multi Gauge V3.0; Fuji
film). Seven to ten serial coronal sections every 100 um were used
for each animal to calculate the mean radioactivity of the striatum.

[®HIDA reuptake assay

The striata were dissected out and homogenized in 20 volumes of
ice-cold 0.32 M sucrose using a Teflon homogenizer. Homogenates
were centrifuged at 1000 g for 10 min at 4°C. Supernatants were
removed and centrifuged at 17 500 g for 30 min at 4°C. The pellets
of crude synaptosomes were resuspended in ice-cold modified
Kreb’s assay buffer (in mM: 126 NaCl, 4.8 KCl, 1.25 CaCl,, 1.4
MgSOQO,, 16.4 NaH,PO,, 11 glucose, 1.14 ascorbate, 1 pargyline, 5
desipramine, and 1 fluoxetine, pH 7.4). One mL assay buffer in each
tube contained 62.5 nM [PH]DA (PerkinElmer). After pre-incuba-
tion of the assay tubes for 10 min at 37°C, assays were initiated by
addition of 80 pL synaptosomal tissue homogenate containing about
20 pg protein. Samples were incubated at 37°C for 6 min. Then, the
reaction was terminated by adding 3 mL of cold assay buffer and
rapid filtration through Whatman GF/B filters (Whatman Inc.,
Piscataway, NJ, USA) soaked previously in 0.05% polyethyleni-
mine. Non-specific uptake was determined in the presence of 1 mM
DA hydrochloride (Sigma) and 62.5 nM [*H] DA. Radioactivity
trapped in filters was counted using a liquid scintillation counter
(Beckman Coulter Inc., Fullerton, CA, USA).

Results
Reduction of evoked DA release in parkin—[— striatal slices

To examine the function of Parkin in the dopaminergic
system, we performed amperometric recordings using acute
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Fig. 1 Reduced evoked DA release in acute striatal slices of parkin
knockout mice. (a) Decreased evoked DA release in the dorsal-
dorsomedial striatum of parkin—/— mice. Representative amperometric
traces of electrical stimulation-evoked DA release are presented on the
left. (b) Mean evoked DA signal from parkin—/— slices was lower than
parkin+/+ slices (+/+: 96.0 + 12.1 x 10° molecules; —/—: 27.0 + 3.8 x
10° molecules, *p < 0.05). After 30 min exposure to nomifensine, the
number of molecules from parkin+/+ slices was 155.9 x 10° + 13.1 x
10® whereas the molecule number from parkin-/— slices was again
lower at 60.6 x 10° + 14.0 x 10° (**p < 0.01). (c) Mean evoked DA
signal amplitude from parkin—/— slices was significantly lower (+/+:
57.3 + 6.3 pA; —/-: 25.4 + 2.3 pA, *p < 0.05). However, mean spike
amplitude from parkin—/— slices in nomifensine was unchanged (+/+:
74.5 + 4.6 pA; —/—:60.8 = 9.6 pA, p > 0.05). (d) Similarly, slices from
parkin—/— mice showed a lower mean evoked DA signal width (+/+:
27 +03s; -/-:1.1 £ 0.1 s, *p < 0.05). After nomifensine, the mean
width from parkin—/- slices was also much lower (+/+: 4.1 + 0.3 s; —/—:
2.0+ 0.5, **p < 0.01). Data are presented as mean + SEM. aCSF,
artificial cerebrospinal fluid.

dorsal striatal slices from parkin—/— mice and wild-type
controls (Fig. 1a). Mean evoked DA signal in parkin—/—
mice was significantly lower than in parkin+/+ mice (+/+:
96.0 + 12.1 x 10° molecules, n = 50 events from 10 slices;
—/—:27.0 + 3.8 x 10° molecules, n = 35 events from seven
slices, p < 0.05 by One-way ANovaA; Fig. 1b). Mean evoked
DA signal amplitude in parkin—/— mice was also signifi-
cantly lower (+/+: 573 £6.3 pA; —/—: 254 + 2.3 pA,
p <0.05; Fig. lc). Similarly, slices from parkin—/— mice
showed lower mean evoked DA signal width (+/+:
27+£03s; =/—: 1.1 £0.1's, p<0.05; Fig. 1d). These
results demonstrated that parkin inactivation caused a
marked decrease in evoked DA signal.
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Next, to determine whether the DA decrease was caused
by an impaired DA release from vesicles or changes in DA
reuptake by DA transporters (DAT), we performed amper-
ometric recordings in the presence of the DA reuptake
blocker, nomifensine (3 pM). In the presence of nomifen-
sine, mean evoked DA signal in parkin—/— mice remained
lower than in parkin +/4 mice (+/+: 155.9 + 13.1 x 10°
molecules, n =45 events from nine slices; —/—: 60.6 £
14.0 x 10° molecules, n = 35 events from 7 slices, p < 0.01;
Fig. 1a and 1b). The mean evoked DA signal width was
lower in parkin—/— mice (+/+: 4.1 £ 0.3 s; —=/—:2.0 £ 0.5 s,
p <0.01; Fig. 1d). These results indicated that evoked DA
release was decreased in the absence of Parkin.

Reduction of evoked catecholamine release in parkin—/—
and parkin—[+ chromaffin cells

To investigate further the effects of parkin inactivation on
catecholamine release, we also performed amperometric
recordings on primary dissociated adrenal chromaffin cells,
which are thought to share a similar exocytosis mechanism as
nigral neurons and permit measurement of monoquantal
release in real time from single vesicles (Fig. 2a). In this
experiment, we also included analysis of chromaffin cells
derived from parkin—/+ mice, as various single heterozygous
parkin mutations have been associated with parkinsonism.
Total catecholamine release per cell during the 6-sec
stimulation was much lower in parkin—/— and parkin—/+
cells than in parkint/+ cells (+/+: 101.5 + 122 x 10°
molecules, n = 32 cells; —/+: 59.0 + 12.9 x 10° molecules,
n=25 cells, p<005 by ttest; —/— 43.6+9.9x 10°
molecules, n =24 cells, p <0.01; Fig. 2b). The mean
catecholamine quantal size was also significantly lower in
parkin—/— and parkin—/+ cells, but there was no significant
difference between parkin—/+ and parkin—/— mice (+/+:
92.7 + 5.2 x 10* molecules, 3410 vesicles from 32 cells; —/+:
64.4 + 8.1 x 10* molecules, 2502 vesicles from 25 cells,
p<0.01; =/—: 544 +£8.1x 10* molecules, 2037 vesicles
from 24 cells, p < 0.01; Fig. 2c). These results provided
further support for a deficit in catecholamine release in
parkin—/— mice.

Impaired bidirectional synaptic plasticity in parkin—/— mice
Similar to the previous report (Goldberg et al. 2003), the
analysis of the intrinsic membrane properties did not reveal
significant changes between parkin+/+ and parkin—/— mice
(Martella et al. 2009). MSNs from both parkint/+ and
parkin—/— mice (+/: n =49, —/—: n = 66) were silent at
rest, and upon depolarizing current pulses showed membrane
rectification and tonic action potential discharge. The
current—voltage relationship did not show any relevant
changes among groups (data not shown). Mean EPSP
amplitude or duration were comparable between parkin+/+
and parkin—/— mice and were fully suppressed by the
oi-amino-3-hydroxy-5-methylisoxazole-4-propionate receptor

© 2009 The Authors
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Fig. 2 Reduced evoked catecholamine release in primary dissociated
adrenal chromaffin cell cultures from parkin knockout mice. (a) De-
creased evoked catecholamine release in primary dissociated adrenal
chromaffin cells from parkin—/— mice. Amperometric traces of 80 mM
K*-evoked catecholamine release are indicated at the top. Arrows
show the onset of high K* stimulation. (b) The mean total catechol-
amine release was much lower in parkin—/— and parkin—/+ cells (+/+:
101.5 + 12.2 x 10° molecules; —/+: 59.0 + 12.9 x 10° molecules,
*p < 0.05; —/—: 43.6 + 9.9 x 10° molecules, **p < 0.01). (c) The mean
catecholamine quantal size was also significantly lower in parkin—/—
and parkin-/+ cells (+/+: 92.7 +52x10* molecules; —/+:
64.4 + 8.1 x 10* molecules, **p < 0.01; —/—: 54.4 = 8.1 x 10* mole-
cules, **p < 0.01).

antagonist, CNQX (10 uM) (data not shown, p > 0.05). DA
exerts a central role in the regulation of corticostriatal
synaptic plasticity (Calabresi et al. 2007). As expected, HFS
in the presence of magnesium induced LTD in MSNs from
parkint/+ mice (62.5 = 9% of control, measured 20 min
post-HFS, n = 25, p < 0.01; Fig. 3a). Conversely, in MSNs
recorded from parkin—/— mice, HFS failed to induce LTD
(95.5 + 11% of control, n = 39, p > 0.05; Fig. 3a).

To determine whether the impairment of LTD was caused
by defective D, receptors, slices were treated with the D,
receptor agonist SKF38393. In the presence of SKF38393
(10 uM), however, HFS failed to restore LTD (92.5 + 7%,
n =11, p > 0.05; Fig. 3b). Likewise, bath application of the
D,-like receptor agonist quinpirole (10 uM) was unable to
restore LTD in parkin—/— mice (86.4 +17%, n =11,
p > 0.05; Fig. 3b). Because LTD induction has been shown
to require co-activation of both D; and D, of DA receptors
(Calabresi et al. 2007), we treated slices with both
SKF38393 and quinpirole. Under these conditions, HFS
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Fig. 3 Impaired corticostriatal LTD in parkin knockout mice. (a) HFS
of corticostriatal fibers induced LTD of EPSP in striatal MSNs recorded
from parkin+/+ mice (open circles), but failed to cause changes in
synaptic efficacy in parkin—/— mice (filled circles). The superimposed
traces represent single EPSPs recorded before (pre) and 20 min after
HFS (post) in parkin+/+, and parkin—/— mice, respectively. (b) Pre-
treatment with the D4-like receptor agonist SKF38393 (10 uM) did not
restore LTD (open circles). Likewise, incubation with the D.-like ago-
nist quinpirole (10 uM) was unable to rescue LTD (filled circles).
Representative traces are superimposed to show the EPSP recorded
before (pre) and after (post, 20 min) HFS in slices from parkin—/—
mice. Data represent the mean + SEM of at least 8 independent

was able to induce LTD in the presence of both SKF38393
and quinpirole (67.7 + 13%, n =7, p < 0.01; Fig. 3¢). The
observation that the application of DA receptor agonists can
restore LTD deficits implies that the impairment of cortico-
striatal LTD could not be attributed to intrinsic DA receptor
dysfunction. Rather, it may result from a pre-synaptic DA
release defect.

To test this notion, we pre-treated slices with amphet-
amine, which increased DA release, thereby increasing DA
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observations. (c) Time-course of EPSP amplitude after HFS in the
presence of amphetamine (100 pM, filled triangles) in the perfusing
solution or after co-application of Dy and D, receptor agonists,
SKF38393 (10 uM) plus quinpirole (10 uM) (open diamonds). Under
both these experimental conditions, LTD was restored in parkin—/—
mice. The traces superimposed show representative EPSPs recorded
before (pre) and 20 min after HFS (post). Data are presented as
mean + SEM of at least 6 experiments. (d) Pre-incubation with the
DAT inhibitor nomifensine (100 uM) did not rescue LTD (open trian-
gles), whereas the DA precursor L-Dopa (100 uM) restored LTD (filled
triangles). Representative EPSPs recorded before and after HFS (pre
and post, respectively). Each data point represents mean + SEM.

availability in the synaptic cleft. Interestingly, pre-treatment
with amphetamine (100 uM, 20 min) fully restored LTD in
MSNs of parkin—/— mice (63.1 + 15%, n=28, p <0.01;
Fig. 3c). In a parallel set of experiments, slices were bathed
with the DA precursor L-Dopa (100 uM, 30 min). L-Dopa
did not affect intrinsic and synaptic properties of the recorded
neurons but fully restored LTD induction (49.6 + 9.6%,
n =06, p<0.0001; Fig. 3d). Additionally, to address the
possible role of DAT in the lack of LTD, we bathed slices
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with the selective DAT inhibitor, nomifensine (100 uM,
20 min). However, nomifensine was unable to restore
LTD in parkin—/— mice (110.3 +5.8%, n=15, p > 0.05;
Fig. 3d).

Finally, in another set of experiments, we bathed the slices
in a low magnesium-containing solution in order to optimize
LTP induction (Calabresi et al. 1992). Under this experi-
mental condition, HFS induced a robust LTP in parkint/+
mice but failed to cause any change in synaptic efficacy in
parkin—/—mice (+/+: 174.4 + 15.1%,n = 8,p < 0.0001; —/—:
96.3 £9.3%, n =8, p > 0.05; Fig. 4a). To test whether the
defect in synaptic plasticity was specific to the glutamatergic
synapse in the striatum, we explored the effects of parkin
inactivation on NMDA receptor-mediated LTP in the Schaf-
fer collateral pathway of the hippocampus in parkin—/—
mice, which was not modulated by the nigrostriatal dopami-
nergic input. Parkin inactivation did not affect LTP induced
by five trains of TBS (Fig. 4b). The magnitude of LTP
measured 60 min after induction (150.6 = 6.9%) was un-
affected in parkin—/— mice relative to control mice
(154.0 £ 7.0%, p > 0.05). This result showed that the
synaptic plasticity was not altered in the Schaffer collateral
pathway of the hippocampus in parkin—/— mice.

Normal levels of DA receptors and DAT in the striatum
Our previous biochemical analysis measuring DA receptor
levels using synaptic membrane fractions from the striatum
showed unchanged levels of DA receptors in parkin—/— mice
(Goldberg et al. 2003). However, another analysis using
autoradiography reported up-regulation of D; and D, recep-
tors in parkin—/— mice (Sato et al. 2006). Thus, we further
examined whether loss of parkin altered the densities of
striatal D; and D, receptors. Radioligand binding auto-
radiography had previously been used to demonstrate the
abundance of D; and D, receptors in the striatum, as shown
by high levels of binding to radioactively labeled antagonists
of D;- ([PH]-SCH23390) and D,- ([*H]-spiperone) like
receptors in the striatum (Kitada et al. 2007). We performed
radioligand binding autoradiography to measure levels of
surface D; and D, receptors in the striatum of parkin—/—
mice and wild-type controls using [*H]-SCH23390 and [°H]-
spiperone (Fig. 5a). Quantitative analysis of binding densi-
ties in the striatum revealed no significant difference in the
density of D; and D, receptors between the genotypic
groups, suggesting normal levels of surface D; and D,
receptors in the striatum of parkin—/— mice (Fig. 5b). This
result was consistent with our earlier study using a
biochemical approach (Goldberg et al. 2003).

We also measured levels of DAT in the striatum of
parkin—/— mice using the ["’H]DA reuptake assay (Copeland
et al. 2005; Owens et al. 2005). [’H]DA uptake in parkin—/—
striatal membrane preparations (13.3 £ 1.4 pmol/mg, n = 5)
was unchanged compared with wild-type controls
(11.9 £ 2.3 pmol/mg, n = 5; Fig. 5¢), consistent with the
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Fig. 4 Impaired corticostriatal LTP but normal hippocampal LTP in
parkin knockout mice. (a) In the absence of external magnesium in the
bathing solution, HFS induced a robust LTP in MSNs from parkin+/+
mice (open circles), whereas no change in synaptic efficacy was
observed in parkin—-/— mice (filled circles). Superimposed EPSPs
recorded before (pre) and 20 min after HFS (post) in parkin+/+,
and parkin—/— mice, respectively. (b) Normal hippocampul LTP in
parkin—/— mice (n = 6 slices from three mice per genotype). LTP was
induced by five episodes of TBS delivered at 0.1 Hz. Each episode
contains ten stimulus trains (four pulses at 100 Hz) delivered at
5 Hz. Average responses (mean + SEM) are expressed as percent of
pre-TBS baseline response.
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Fig. 5 Normal striatal levels of DA receptors and DAT in parkin
knockout mice. (a) Representative images from ligand binding auto-
radiography show similar levels of binding of [°H]-SCH23390 and [*H]-
spiperone to Dy and D, receptors, respectively, in coronal sections
through the striatum of parkin—-/— mice and wild-type controls. (b)
Quantitative analysis of binding densities in the striatum revealed no
significant difference in Dy (SCH23390 in b) and D, receptors (Spip-
erone in b) between parkin—/— mice and wild-type controls (n=4
per genotype). (c) [*H]DA reuptake assay by DAT. [*H]DA uptake in
parkin—/— homogenate (13.3 = 1.4 pmol/mg, n = 5) was unchanged
compared with parkin+/+ homogenate (11.9 + 2.3 pmol/mg, n = 5).
Each data point represents the mean + SEM.

findings from amperometric recordings of striatal slices in the
presence of nomifensine.

Discussion

Several reports of studies on the pathology in AR-JP brains
concluded that loss of parkin causes a selective neuronal loss
in substantia nigra pars compacta and locus coeruleus
without any inclusion bodies or accumulation (Yamamura
et al. 1993, 1996, 2000; Takahashi et al. 1994). This appears
to be in conflict with the expected pathogenic mechanism by
which parkin deficiency decreases proteolysis of target
substrates. To gain insight into the pathogenic mechanism
by which loss of parkin causes PD, we used a functional
analysis approach to explore the normal function of Parkin in
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dopaminergic synaptic transmission. Our results revealed an
essential role for Parkin in the nigrostriatal circuit that was
selectively affected in PD. The finding of decreased DA
release from parkin—/— slices was further supported by the
results of decreased catecholamine release from dissociated
adrenal chromaffin cells of parkin—/— and parkin+/— mice
and impaired corticostriatal LTD and LTP in parkin—/—
slices. The deficits in striatal synaptic plasticity are likely to
be a consequence of decreased DA release, as the LTD
impairment can be rescued by rL-Dopa and amphetamine,
both of which increased DA release.

Parkin function in the dopaminergic circuit

Amperometric recordings in acute striatal slices demon-
strated a significant reduction in electrically evoked DA
signal in parkin—/— mice. Evoked DA was affected by the
balance between electrically stimulated DA release and DA
reuptake by DAT. In the presence of nomifensine, which
specifically blocks DA reuptake from DAT, evoked DA
signals that were increased in both control and parkin—/—
slices, but the signal was still lower in parkin—/— mice
relative to the control, indicating that loss of Parkin indeed
decreased DA release. Furthermore, using radioactively
labeled DA we found similar amounts of radioactive DA
taken by synaptosomes prepared from parkin—/— and wild-
type mice, suggesting normal DAT activity in the absence of
parkin. Lastly, evoked catecholamine release from primary
chromaffin cells which lacked the reuptake mechanism was
also reduced in parkin—/— mice, providing further support
for a defect in exocytotic DA release. Interestingly, under
basal conditions, extracellular DA levels measured in vivo
using no net flux microdialysis were slightly increased in the
striatum of parkin—/— mice (Goldberg et al. 2003), suggest-
ing that other processes contributing to basal DA levels, as
measured by microdialysis, undergo compensatory changes.
For instance, the mean interspike interval for catecholamine
quantal events was smaller in parkin—/— mice than in wild-
type mice (data not shown). This meant that the frequency
(i.e., number) of catecholamine quanta released upon stim-
ulation was actually higher in the parkin—/— group and could
potentially overcome the decrease in the catecholamine
quantal size, thereby resulting in similar or higher catechol-
amine levels in the extracellular space.

Dopamine release from nigral neurons to the striatum
modulates excitatory corticostriatal Synaptic transmission
and plasticity. Our physiological analysis for the nigrostriatal
circuit in parkin—/— mice indicated a marked impairment in
striatal synaptic plasticity. Inductions of LTD and LTP were
impaired at in the striatal MSNs, the major target of
nigrostriatal dopaminergic inputs. Consistent with the
involvement of D; and D, receptors in LTD induction
(Calabresi et al. 2007), impairment of LTD was rescued by
agonists of both D; and D, receptors, which suggests normal
receptor function. Administration of amphetamine, which
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increased pre-synaptic DA release, and L-Dopa, which
increased DA synthesis, also restored impaired LTD. How-
ever, nomifensine, which was shown to increase extracellular
DA in both wild-type and parkin—/— striatal slices by
amperometry, failed to rescue LTD defect in parkin—/—
MSNSs. This may be explained by the moderate increase in
extracellular DA by nomifensine, whereas amphetamine and
L-Dopa presumably increased evoked DA release in larger
quantities and faster actions. Interestingly, LTP in the
Schaeffer collateral pathway in hippocampus was unchanged
compared with wild-type controls. These results suggest the
deficits in striatal synaptic plasticity are caused by a specific
defect in pre-synaptic dopaminergic function.

Implications for PD pathogenesis: reduced DA release as a
common cellular precursor to neurodegeneration

Clinical features of PD are caused by reduced dopaminergic
input to the striatum with progressive loss of nigral neurons.
In addition to typical parkinsonian features, AR-JP patients
exhibited specific symptoms such as sleep benefit/diurnal
fluctuation. These symptoms implied hypersensitive and
abnormal dopaminergic metabolism or signaling in these
patients. This had been observed in patients carrying DJ-1
and PINKI mutations as well (Bonifati er al. 2002; Dekker
et al. 2003; Albanese et al. 2005). In search for a common,
converging mechanism that underlies the pathogenesis of
recessive parkinsonism, we conducted a series of genetic
studies through the generation of mutant mice recapitulating
genetic alterations in any of the three PD genes followed by
multidisciplinary analysis. Our findings have demonstrated
that these mouse models share a common cellular patho-
physiologic defect in the dopaminergic system. Specifically,
evoked release of DA from nigral neurons was reduced in the
absence of any of the three recessive PD genes (Goldberg
et al. 2005; Kitada et al. 2007). However, as our study was
limited to mice at one age, our study did not address age-
related changes in the observed phenotypes.

Recent studies in Drosophila have also shown that parkin
and PINKI null flies share similar phenotypes, such as
indirect flight muscles and mitochondria (Clark et al. 2006;
Park ef al. 2006). Furthermore, the striking phenotypes
exhibited by PINKI—/— flies could be alleviated by over-
expression of parkin, demonstrating that PINKI1 acts
upstream of Parkin in a common pathway (Clark et al
2006; Park et al. 2006). Although parkin and PINKI
knockout mice did not exhibit such dramatic phenotypes,
they did share similar mitochondrial respiration defects and
DA release impairment with no effect on ATP and striatal
DA content (Goldberg et al. 2003; Palacino et al. 2004;
Kitada et al. 2007; Gautier et al. 2008). Recent reports on
the effect of rotenone, a specific mitochondrial complex I
inhibitor, showed that low doses of rotenone impaired DA
release without affecting total DA content (Bao et al. 2005)
and that striatal spiny neurons were much more sensitive than
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hippocampal neurons to rotenone treatment (Costa et al.
2008). These new findings suggest that DA release is
sensitive to inhibition of mitochondrial function, and that
striatal spiny neurons are more sensitive to inhibition of
mitochondrial than hippocampal neurons function. There-
fore, although our studies have not addressed which of the
two phenotypes, dopaminergic defects and mitochondrial
dysfunction, may lead to or contribute to the development of
the other phenotype, these in vitro studies provide evidence
suggesting that mitochondrial dysfunction may contribute to
the evoked DA release impairment.

Our series of genetic studies, along with these mito-
chondrial toxin studies, provide additional experimental
evidence for dopaminergic defects and mitochondrial dys-
function being the proximal cause in the pathogenesis of
PD (Shen and Cookson 2004). Elucidation of how loss of
function mutations in these PD genes impair evoked DA
release and induce nigral neurodegeneration will provide
crucial information to better understand PD pathogenesis,
which will permit better design of more effective thera-
peutic strategies.
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