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Parkinson’s disease (PD) is characterized by the selective vulnera-
bility of the nigrostriatal dopaminergic circuit. Recently, loss-of-
function mutations in the PTEN-induced kinase 1 (PINK1) gene have
been linked to early-onset PD. How PINK1 deficiency causes do-
paminergic dysfunction and degeneration in PD patients is un-
known. Here, we investigate the physiological role of PINK1 in the
nigrostriatal dopaminergic circuit through the generation and
multidisciplinary analysis of PINK1�/� mutant mice. We found that
numbers of dopaminergic neurons and levels of striatal dopamine
(DA) and DA receptors are unchanged in PINK1�/� mice. Ampero-
metric recordings, however, revealed decreases in evoked DA
release in striatal slices and reductions in the quantal size and
release frequency of catecholamine in dissociated chromaffin cells.
Intracellular recordings of striatal medium spiny neurons, the
major dopaminergic target, showed specific impairments of corti-
costriatal long-term potentiation and long-term depression in
PINK1�/� mice. Consistent with a decrease in evoked DA release,
these striatal plasticity impairments could be rescued by either DA
receptor agonists or agents that increase DA release, such as
amphetamine or L-dopa. These results reveal a critical role for
PINK1 in DA release and striatal synaptic plasticity in the nigro-
striatal circuit and suggest that altered dopaminergic physiology
may be a pathogenic precursor to nigrostriatal degeneration.

neurodegeneration � Parkinson’s disease � substantia nigra

Parkinson’s disease (PD) is the most common movement
disorder and is characterized by bradykinesia, rigidity, rest-

ing tremor, and postural instability. These clinical features are
thought to result from reduced dopaminergic input to the
striatum and the loss of dopaminergic neurons in the pars
compacta of the substantia nigra (SNpc). Although the occur-
rence of PD is largely sporadic, mutations in five distinct genes
have been linked to clinical syndromes that are often indistin-
guishable from sporadic PD. Of these, mutations in the parkin,
DJ-1, and PINK1 (PTEN induced kinase 1) genes are recessively
inherited and include large exonic deletions or frame-shift trunca-
tions, suggesting a loss-of-function pathogenic mechanism (1–3).

PINK1 was originally identified as a gene whose transcription was
activated by the tumor suppressor PTEN in carcinoma cell lines (4).
The PINK1 gene has eight exons spanning 1.8 kb and encodes 581
aa residues. The deduced amino acid sequence indicates that
PINK1 contains a mitochondrial targeting motif (amino acids 1–34)
and a kinase domain (amino acids 156–509) that is highly homol-
ogous to Ca2�/calmodulin-dependent kinases. Since the first report
linking recessively inherited nonsense (W437X) and missense
(G309D) mutations in PINK1 to familial PARK6 cases (3), large
numbers (�30) of additional truncation and missense mutations
have been identified in early-onset PD cases with or without family
history (5–11). Genetic analysis revealed that homozygous and
compound heterozygous mutations in PINK1 are highly penetrant
and are rather common among early-onset (�50) PD patients and
that heterozygous mutations are present among late-onset PD cases
at reduced penetrance (6, 7, 10). Patients with PINK1 mutations are

often clinically indistinguishable from sporadic PD and generally
have good responses to levodopa treatment (6, 10, 12).

How does loss of PINK1 function cause Parkinson’s disease?
Positron emission tomography (PET) and single-photon emis-
sion computed tomography (SPECT) of early-onset PD patients
carrying PINK1 mutations revealed presynaptic dopaminergic
dysfunction in the striatum, at a level comparable to late-onset
idiopathic PD (13–15). These imaging studies have suggested a
possible role for PINK1 in the maintenance of normal function
and survival of presynaptic dopaminergic terminals in humans.
In this study, we investigate how PINK1 deficiency leads to PD
and whether loss of PINK1 function in mice causes dopaminergic
dysfunction.

Results
Generation of PINK1�/� Mice. To generate a mutant mouse that
lacks PINK1, we chose to create a targeted germ-line deletion of
exons 4–7 (Fig. 1A). The deletion of exons 4–7 removes the
majority of the kinase domain and creates a nonsense mutation
at the beginning of exon 8 because of a shift of the reading frame.
The truncated mRNA from the targeted allele is likely to be
degraded through nonsense-mediated decay. The linearized
targeting vector was transfected into ES cells, and 350 ES clones
were screened by Southern blot analysis using the 3� external
probe for the presence of the expected 6.9-kb fragment, which
represents the targeted allele (Fig. 1B). Four positive clones were
then tested by PCR using primers 3 and 4 to confirm the correct
recombination in the 5� homologous region. Two ES clones were
injected into blastocytes to generate chimeric mice, which were
bred to obtain F1 heterozygous mutant mice. F2 homozygous
mutant mice were confirmed by Southern blot analysis using a
probe specific for the PGK-Neo cassette and the 3� probe and by
PCR using primers 3 and 4, followed by sequencing. Northern
blot analysis using a probe specific for exon 8 showed the absence
and a reduction of PINK1 mRNA in the brain of homozygous
and heterozygous mutant mice, respectively, confirming that
truncated PINK1 transcripts containing exons 1–3 and 8 are
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degraded (Fig. 1C). We therefore concluded that germ-line
deletion of exons 4–7 results in a PINK1-null allele, and that the
homozygous mutant mice recapitulate the loss-of-function mu-
tations in PINK1-linked PD.

Numbers of Dopaminergic Neurons and Levels of Striatal Dopamine
(DA) Are Normal in PINK1�/� Mice. Because selective neurodegen-
eration occurs predominantly in the nigrostriatal dopaminergic
system of PD patients, we examined coronal brain sections through
the striatum and substantia nigra of PINK1�/� mice and wild-type
controls. Immunohistochemical analysis using antibodies specific
for tyrosine hydroxylase (TH) showed no gross abnormality in
morphology and density of dopaminergic cell bodies (Fig. 1D) or
dopaminergic projections to the striatum (data not shown) in
PINK1�/� mice. Stereological counting of TH-immunoreactive
neurons revealed unaltered numbers of dopaminergic neurons in
the SNpc of PINK1�/� mice at the ages of 2–3 (n � 4, P � 0.05) and
8–9 months (n � 6–7, P � 0.05; Fig. 1E).

To determine whether loss of PINK1 function affects DA
levels in the striatum, we used reverse phase HPLC to measure
total amounts of DA and its major metabolites, dihydroxyphe-
nylacetic acid (DOPAC) and homovanillic acid (HVA), in striata

dissected from PINK1�/� and control mice. Levels of DA (Fig.
1F), DOPAC, and HVA (data not shown) are not significantly
altered in the striatum of PINK1�/� mice (n � 5–9 per genotype;
P � 0.05) at the ages of 2–3 and 8–9 months, suggesting normal
DA synthesis and turnover in the absence of PINK1. Because TH
is a rate-limiting enzyme in DA synthesis, we also measured
levels of TH mRNA and protein. Real-time RT-PCR and
Western blot analyses showed unchanged levels of TH mRNA
and protein in PINK1�/� brains, respectively. We further mea-
sured TH activity in vivo through quantification of the TH
product, L-DOPA, by HPLC in the presence of NSD-1015, an
inhibitor of the aromatic L-amino acid DOPA decarboxylase,
which can pass the blood–brain barrier and blocks the conver-
sion of L-DOPA to DA. Levels of L-DOPA in the dissected
striatum are unchanged in PINK1�/� mice (�/�: 0.61 � 0.03,
�/�: 0.62 � 0.03, n � 5 per genotype), suggesting normal TH
activity in the absence of PINK1.

Evoked Release of DA and Catecholamine Is Reduced in PINK1�/� Mice.
To examine further the role of PINK1 in the dopaminergic
system, we performed amperometric recordings by using acute
striatal slices of PINK1�/� and wild-type mice at the age of 2–3
months. Slices from wild-type mice showed a mean evoked DA
signal of 26.0 � 2.3 � 106 molecules (n � 117 stimulations in 25
slices from 10 mice), whereas PINK1�/� slices averaged 18.5 �
2.7 � 106 molecules (n � 102 stimulations in 23 slices from 10
mice; *, P � 0.05), indicating a significant decrease in evoked DA
overflow in PINK1�/� mice (Fig. 2A). Because evoked DA
overflow is determined essentially by DA release and reuptake,
which is mediated through the DA transporter, we measured
evoked DA overflow in the presence of the DA reuptake blocker
nomifensine to determine whether reduced DA overflow was
caused by decreased DA release and/or increased DA reuptake,
and found that PINK1�/� slices showed a decrease in mean
evoked DA signal (24.4 � 3.5 � 106 molecules, n � 39 stimu-
lations in 8 slices from 6 mice), compared with wild-type mice
(60.4 � 6.4 � 106 molecules, n � 105 stimulations in 21 slices
from 8 mice; **, P � 0.01; Fig. 2 A). These results demonstrate
that PINK1 inactivation causes a marked decrease in evoked DA
release.

To characterize further the effects of PINK1 inactivation on
catecholamine release, we performed amperometric recordings
on dissociated adrenal chromaffin cells, which are excellent
models for the study of catecholamine release, because they
permit the resolution of a single quantum released from dense
core vesicles (16). We measured evoked catecholamine release
from chromaffin cells derived from PINK1�/� and wild-type
mice (Fig. 2B). Total catecholamine release per cell during the
6-second stimulation is much lower in PINK1�/� cells (�/�:
50.2 � 5.03 � 106; �/�: 25.0 � 2.48 � 106; **, P � 0.01; Fig. 2B).
Mean catecholamine quantal size in PINK1�/� cells (52.4 �
2.7 � 104 molecules, 4,465 vesicles from 100 cells) is smaller than
that in wild-type controls (77.6 � 3.9 � 104 molecules, 6,381
vesicles from 110 cells, *, P � 0.01; Fig. 2B). Furthermore, mean
interspike interval in PINK1�/� cells (2.1 � 0.3 seconds) is
greater compared with controls (1.3 � 0.1 seconds, **, P � 0.01;
Fig. 2B), indicating a reduction in frequency of quantal release
in the absence of PINK1. These results provide further support
for a decrease in catecholamine release in PINK1�/� mice.

Corticostriatal Long-Term Potentiation (LTP) Impairment Can Be Re-
versed by D1 Receptor Agonists. Because DA modulates cortico-
striatal glutamatergic neurotransmission at medium-sized spiny
(MS) neurons in the striatum, we performed electrophysiolog-
ical recordings of MS neurons to determine the consequence of
decreased synaptic release of DA. Whole-cell recordings of MS
neurons from acute corticostriatal slices showed normal prop-
erties (e.g., resting membrane potential, input resistance) in

Fig. 1. Normal dopaminergic neurons and DA levels in PINK1�/� mice. (A)
Targeting strategy. The KpnI (K)-Bsr GI (B) fragment containing exon 3 is used
as the 5� homologous region. P1 and P2 represent the positions of the primers
used to amplify the 3� homologous region that contains exon 8. The 3� probe
indicates the position of the 3� external probe used to screen for targeted ES
cells carrying the proper recombination in the 3� homologous region. P3 and
P4 are the primers used to confirm the correct recombination in the 5�
homologous region. E, EcoRV; K, KpnI; B, Bsr GI. (B) Southern blot analysis of
ES cells by using the 3� probe. The 67.1-kb EcoRV fragment represents the
wild-type allele, whereas the 6.9-kb EcoRV fragment represents the targeted
allele. (C) Northern blot analysis of PINK1 transcripts. The blot is hybridized
with a probe specific for exon 8, followed by hybridization of a probe specific
for GAPDH cDNA as control. (D) Normal morphology of dopaminergic neurons
in PINK1�/� mice is indicated by similar TH immunoreactivity in the SNpc of
PINK1�/� mice and wilt-type controls at the age of 2–3 months. (E) Similar
numbers of TH-positive neurons are present in the SNpc of PINK1�/� and
wild-type mice at the ages of 2–3 months (�/�: 13,660 � 1,033; �/�: 12,520 �
573; n � 4 per genotype; P � 0.05) and 8–9 months (�/�: 13,547 � 1,638; �/�:
14,446 � 1,150; n � 6–7; P � 0.05). (F) Similar striatal content of DA in PINK1�/�

mice and wild-type controls at the ages of 2–3 months (�/�: 14.3 � 0.7; �/�:
13.2 � 1.8; n � 5 per genotype; P � 0.05) and 8–9 months (�/�: 15.8 � 0.9, �/�:
17.7 � 2.3; n � 5–7 per genotype; P � 0.05).
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PINK1�/� mice. Upon depolarizing current pulses, membrane
rectification and tonic action potential discharges are similar
between PINK1�/� and wild-type mice (n � 18–27 neurons; P �
0.05). To look for possible alterations in glutamate release
probability or short-term plasticity, we performed intracellular
recordings of MS neurons to measure spontaneous excitatory
postsynaptic currents (sEPSCs) and miniature EPSCs (mEP-
SCs). In the presence of bicuculline, the frequency and ampli-
tude of glutamate-dependent sEPSCs are normal in PINK1�/�

MS neurons (n � 19–22; P � 0.05). Similarly, both frequency and
amplitude of mEPSCs, recorded in the presence of bicuculline
and tetrodotoxin, are also normal in the absence of PINK1 (n �
10–13 neurons; P � 0.05). Furthermore, paired-pulse ratio
(PPR), an indicator of modified presynaptic release (17), is
unchanged in PINK1�/� MS neurons (n � 13–14; P � 0.05).

We then performed intracellular recordings to measure LTP
at corticostriatal synapses. LTP induced by high-frequency
stimulation (HFS) in the absence of magnesium in PINK1�/� MS
neurons (117.1 � 12.7%; n � 4) is lower than that from wild-type
controls (156.0 � 12.0%; n � 8, P � 0.05; Fig. 3A). Because
corticostriatal LTP induction depends on activation of D1 type
DA receptors (18, 19), we examined whether D1 receptor-like
agonists can reverse this LTP defect in PINK1�/� mice. Indeed,
preincubation of corticostriatal slices with a D1 receptor agonist,
SKF 38393, restored LTP fully (153 � 18.3%; n � 4; Fig. 3A).

To test whether the observed synaptic plasticity impairment is
specific for corticostriatal glutamatergic synapses, which receive
modulatory dopaminergic inputs from the SNpc, we measured
synaptic transmission and plasticity at another glutamatergic
synapse, the Schaeffer collateral pathway of the hippocampus, in
PINK1�/� mice. Input/output (I/O) curves are similar in
PINK1�/� and control mice (P � 0.8), indicating normal basal
synaptic transmission [supporting information (SI) Fig. 5A; see
also SI Materials and Methods]. LTP induced by five trains of
�-burst stimulation (TBS) is unaffected in PINK1�/� mice (SI
Fig. 5B). The magnitude of LTP measured 60 min after induc-
tion is similar in PINK1�/� (155.4 � 6.2%) and control mice
(156.9 � 6.8%, P � 0.48). These results show that PINK1

Fig. 2. Evoked release of catecholamine is decreased in PINK1�/� mice. (A)
Reduction of evoked DA release in the PINK1�/� striatum. Representative
amperometric traces of electrical stimulation-evoked DA release in the ab-
sence (control) and the presence of nomifensine are shown on the left. Arrows
indicate the onset of electrical pulses. PINK1�/� slices show a mean evoked DA
signal of 26.0 � 2.3 � 106 molecules, whereas PINK1�/� slices show a lower
evoked DA signal of 18.5 � 2.7 � 106 molecules (*, P � 0.05), indicating a
reduction in evoked DA overflow in PINK1�/� mice. In the presence of nomi-
fensine, the mean evoked DA signal in PINK1�/� striatal slices but not in
PINK1�/� striatal slices is significantly increased (60.4 � 6.4 � 106 molecules)
compared with the control condition without nomifensine (26.0 � 2.3 � 106

molecules; **, P � 0.01). Data in all panels are expressed as mean � SEM. (B)
Reduction of evoked catecholamine release in PINK1�/� chromaffin cells.
Amperometric traces of 80 mM K�-evoked catecholamine release are shown
at the top. Arrows mark the onset of high K� stimulation. Total catecholamine
release per cell during the 6-second stimulation is much lower in PINK1�/� mice
(25.0 � 2.5 � 106) compared with wild-type controls (50.2 � 5.0 � 106; **, P �
0.01). The mean catecholamine quantal size is also reduced in PINK1�/�

chromaffin cells (52.4 � 2.6 � 104 compared with PINK1�/� cells (77.6 � 3.9 �
104; **, P � 0.01). Frequency of quantal release is significantly lower in
PINK1�/� cells, as indicated by a lower mean interspike interval in PINK1�/�

(1.3 � 0.1) than in PINK1�/� cells (2.1 � 0.3; **, P � 0.01). Data in all panels are
expressed as mean � SEM.

Fig. 3. Reversal of synaptic plasticity impairment by DA receptor agonists or
agents increasing DA release in PINK1�/� mice. (A) Corticostriatal LTP induced
by HFS in the absence of Mg2� in PINK1�/� MS neurons is lower than in
controls. Preincubation with the D1 receptor agonist SKF 38393 restores LTP to
the level obtained in controls. (B) Corticostriatal LTD induced by HFS in the
presence of Mg2� is absent in PINK1�/� MS neurons. (C) Coadministration of
D1 (SKF38393) and D2 receptor (quinpirole) agonists fully restores LTD in
PINK1�/� neurons, whereas application of SKF38393 or quinpirole alone par-
tially rescues LTD impairment. (D) Preincubation with nomifensine does not
rescue LTD deficits, whereas pretreatment with amphetamine rescues the LTD
impairment completely. L-dopa is able to restore, to a significant extent, the
striatal LTD deficit. Each data point represents the mean � SEM of at least four
independent observations. In each panel, the superimposed traces represent-
ing the EPSPs recorded before (pre) and 20 min after (post) tetanic stimulation
are shown above.
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inactivation does not alter normal synaptic plasticity in a hip-
pocampal glutamatergic synapse.

Corticostriatal Long-Term Depression (LTD) Impairment Can Be Re-
stored by DA Receptor Agonists or Agents Increasing DA Release. In
the presence of magnesium, HFS of cortical afferents induces
LTD of corticostriatal EPSPs in wild-type MS neurons (62 �
8.4%, measured 20 min after HFS, n � 10; Fig. 3B). LTD
induction in PINK1�/� MS neurons, however, is absent (106 �
4%, n � 7; Fig. 3B). Because LTD induction depends on
activation of both D1 and D2 receptors (20), we tried to restore
LTD induction with either D1 and D2 agonists alone or both D1
and D2 agonists. Pretreatment of corticostriatal slices with
either the D1-like receptor agonist SKF38393 (83 � 10%) or the
D2-like receptor agonist quinpirole (75.2 � 8.8%) partially
restored LTD induction in PINK1�/� neurons (n � 7; Fig. 3C).
The use of both agonists, SKF38393 and quinpirole, restored
LTD to control levels (62 � 4%, n � 5; Fig. 3C).

The fact that the synaptic plasticity deficits in PINK1�/� mice
can be rescued by D1 and D2 receptor agonists prompted us to
examine whether loss of PINK1 reduces densities of striatal D1
and D2 receptors. Radioligand binding autoradiography has
previously been used to demonstrate the abundance of D1 and
D2 receptors in the striatum, as shown by high levels of binding
to radioactively labeled antagonists of D1- ([3H]SCH23390) and
D2- ([3H]spiperone) like receptors and by the disappearance of
the binding signals in the striatum of the respective knockout
mice (21–23). We therefore performed radioligand binding
assays to measure levels of surface D1 and D2 receptors by using
[3H]SCH23390 and [3H]spiperone (SI Fig. 6A; see also SI
Materials and Methods). Quantitative analysis of binding densi-
ties in the striatum revealed no significant difference in the
density of D1 and D2 receptors between the genotypic groups,
indicating normal levels of surface D1 and D2 receptors in the
PINK1�/� striatum (SI Fig. 6B).

The reversal of LTD deficits by D1 and D2 agonists and the
absence of decreases in the levels of D1 and D2 receptors suggest
that D1 and D2 signaling are still functional in PINK1�/� mice.
Thus, the striatal synaptic plasticity impairment is likely caused
by reduced synaptic release of DA in PINK1�/� mice. To
investigate this further, we explored how agents that affect DA
release would affect corticostriatal synaptic plasticity. We first
tested the effect of amphetamine, which causes increases of DA
in the synaptic cleft. Interestingly, in the presence of amphet-
amine, we indeed observed a complete rescue of striatal LTD in
PINK1�/� slices (66.4 � 7.2%, n � 4 neurons; Fig. 3D). The
finding that amphetamine, which increases DA release, rescues
LTD deficits in PINK1�/� slices provides direct supporting
evidence for reduction of evoked DA overflow as the mechanism
underlying LTD deficits observed in PINK1�/� mice. We also
examined the effect of nomifensine, which failed to increase
evoked DA overflow in PINK1�/� mice (Fig. 2 A), on LTD
induction, and found that nomifensine did not restore LTD
induction significantly (90.0 � 2.5%, n � 4; Fig. 3D). Lastly,
pretreatment of slices with DA precursor L-dopa, which in-
creases DA production and thus the amount of DA available for
release upon stimulation, rescued striatal LTD induction in
PINK1�/� neurons (74.4 � 4.7%, n � 5; Fig. 3D). These results
provide further support for the impairment in evoked DA
release as the likely mechanism underlying the striatal synaptic
plasticity deficits observed in PINK1�/� mice.

Discussion
To gain insight into the pathogenic mechanism by which PINK1
deficiency causes PD, we use a genetic approach to explore the
normal function of PINK1 in the nigrostriatal pathway, a neural
circuit that is particularly vulnerable in PD. Our results reveal an
essential and selective role for PINK1 in dopaminergic synaptic

transmission (Fig. 4). Specifically, we found that PINK1 inacti-
vation impairs DA release but does not alter levels of DA,
numbers of dopaminergic neurons, DA synthesis or levels of DA
receptors. The impairment in DA release in PINK1�/� mice is
sufficient to compromise nigrostriatal circuit function, as indi-
cated by the deficits in corticostriatal bidirectional synaptic
plasticity, which could be restored by agents that either increase
presynaptic DA release (amphetamine and L-dopa) or activate
postsynaptic DA receptor function directly (D1 and D2 receptor
agonists).

PINK1 Plays an Essential Role in Presynaptic DA Release and Cortico-
striatal Synaptic Plasticity. Several lines of evidence support the
conclusion that loss of PINK1 function causes a selective im-
pairment in DA release. Amperometric recordings in acute
striatal slices demonstrated a reduction in evoked DA overflow
in PINK1�/� mice (Fig. 2). Evoked DA overflow, which is
measured as evoked DA signals, reflects the balance of electri-
cally stimulated DA release and reuptake, and altered DA
signals could, in principle, arise through changes in either
process. As expected, the DA reuptake inhibitor nomifensine
greatly enhanced the evoked DA signal in the control striatum.
In contrast, blockade of DA reuptake had little effect on the DA
signal in the PINK1�/� striatum. Together, these results dem-
onstrate that the reduction of evoked DA overflow in PINK1�/�

mice is caused by a decrease in exocytotic DA release rather than
an increase in reuptake. Studies of evoked catecholamine release
in chromaffin cells provided further support for a defect in
exocytotic DA release, as indicated by significant reductions in
the total catecholamine release, quantal size and release fre-
quency in PINK1�/� mice (Fig. 2). Impaired DA release in
PINK1�/� mice is not attributable to alterations in DA synthesis
or in numbers of dopaminergic neurons in PINK1�/� mice (Fig.
1), further indicating that the impaired DA release reflects a
functional rather than structural defect.

DA release from nigrostriatal projections modulates excita-
tory corticostriatal synaptic transmission and plasticity (Fig. 4).
Our functional analysis of the nigrostriatal circuit in PINK1�/�

mice disclosed a marked impairment of bidirectional striatal
synaptic plasticity (Fig. 3). In the absence of PINK1, induction
of LTP and LTD is impaired at corticostriatal synapses, the

Fig. 4. A schematic model for PINK1 function at the nigrostriatal and
corticostriatal heterosynapse. This schematic model illustrates the neuro-
modulatory role of the nigrostriatal input at glutamatergic corticostriatal
synapses of striatal medium spiny neurons (MSN). Coincident activation of
convergent nigrostriatal dopaminergic and corticostriatal glutamergic inputs
elicits synaptic release of DA and glutamate and activation of postsynaptic
D1/D2 and NMDA/AMPA receptors, respectively. Activation of D1 receptors is
necessary for the induction of LTP at corticostriatal synapses, whereas activa-
tion of both D1 and D2 receptors is necessary for induction of LTD. In the
absence of PINK1, impaired release of DA from nigrostriatal terminals leads to
reduced activation of postsynaptic D1 and D2 receptors, and consequent
defects in both LTP and LTD.
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major target of nigrostriatal dopaminergic inputs. Corticostria-
tal LTP induction depends on activation of D1 receptors,
whereas LTD induction depends on activation of both D1 and
D2 receptors (18, 24). Thus, the observed impairments in LTP
and LTD are consistent with either a reduction in presynaptic
DA release or a deficiency in postsynaptic D1 and D2 receptor-
mediated functions. In agreement with the finding that DA
release is reduced in PINK1�/� mice, we observed that DA
receptor agonists potently rescued the impairments in LTP and
LTD in PINK1�/� mice. This observation suggests that direct
activation of appropriate postsynaptic DA receptors compen-
sates for a presynaptic defect in DA release.

Full rescue of LTP and LTD deficits in PINK1�/� mice by the
appropriate agonists indicates that postsynaptic D1 and D2 recep-
tor function remains intact, consistent with the normal levels of
striatal D1 and D2 receptors observed by radioligand binding
autoradiography (SI Fig. 6). Moreover, intrinsic physiologic prop-
erties of MS neurons are normal, as are glutamatergic synaptic
transmission and short-term plasticity, providing further evidence
against postsynaptic or glutamatergic dysfunction. Furthermore,
glutamatergic synaptic transmission and LTP in the Schaeffer
collateral pathway of the hippocampus are normal (SI Fig. 5),
arguing against a generalized glutamatergic defect. Thus, the ob-
served deficits in corticostriatal LTP and LTD are most compatible
with a specific defect in presynaptic dopaminergic function.

How does PINK1 function in the regulation of exocytotic DA
release? Studies of PINK1 so far have suggested that PINK1 may
function as a mitochondrial kinase (3, 25). PINK1�/� flies indeed
exhibit striking mitochondrial morphological defects (26, 27). How-
ever, we did not observe overt mitochondrial morphological defects
in PINK1�/� mice (T.K. and J.S., unpublished results), perhaps
because of better compensatory mechanisms and greater genetic
redundancies in mice compared with Drosophila, although it re-
mains possible that subtle mitochondrial defects exist in PINK1�/�

mice. Although little is known about the mechanisms of exocytotic
DA release, it likely uses a similar mechanism as glutamatergic
synapses, in which release is energy-dependent, is mediated by the
SNARE-dependent fusion of synaptic vesicles, and is triggered by
Ca2� binding to synaptotagmins (28). If PINK1 is indeed a mito-
chondrial kinase, our results would suggest a possible functional link
between mitochondria and the regulation of DA exocytosis.

Implications for PD Pathogenesis. The pathophysiological hallmark
of parkinsonian syndromes is reduced dopaminergic input to the
striatum. PET and SPECT studies of PD patients carrying het-
erozygous or homozygous PINK1 mutations have suggested pre-
synaptic dopaminergic defects and loss of dopaminergic terminals
in the striatum (13–15). Similar to our prior findings in parkin�/�

(29) and DJ-1�/� mice (30), PINK1�/� mice do not exhibit evidence
of nigrostriatal neurodegeneration, at least not by the age of 9
months (Fig. 1). Although it remains possible that PINK1�/� mice
may develop nigral degeneration at an older age, this possibility is
unlikely, given that parkin�/� (29) and DJ-1�/� (H.Y. and J.S.,
unpublished results) mice fail to develop significant dopaminergic
neurodegeneration at the age of 24 months. Nevertheless, the
reduced release of DA by nigrostriatal terminals in PINK1�/� mice
closely parallels the functional consequences of dopaminergic de-
nervation in PD. Further extending this analogy, L-dopa amelio-
rates functional deficits in the nigrostriatal pathway in PINK1�/�

mice (Fig. 3) and clinical symptoms in PD patients. We therefore
propose that impaired presynaptic release of DA may be a common
pathophysiologic mechanism in PD, possibly representing a mech-
anistic precursor within a spectrum of nigrostriatal dysfunction
leading to frank neurodegeneration.

Several additional lines of evidence support this presynaptic
hypothesis. First, amphetamine-induced hyperactivity in the
open field is reduced in both parkin�/� (31) and DJ-1�/� mice
(32), suggesting a common defect in amphetamine-induced DA

release. Second, we previously reported that evoked DA over-
f low is reduced in acute striatal slices of DJ-1�/� mice (30).
Third, we recently obtained similar evidence for reduced DA
release from nigrostriatal terminals in parkin-deficient mice
from amperometric recordings of both acute striatal slices and
dissociated chromaffin cells (T.K., E.N.P., and J.S., unpublished
results). This functional convergence on the regulation of exo-
cytotic DA release among parkin, DJ-1 and PINK1 suggests a
common pathophysiologic mechanism in recessive parkinson-
ism, a hypothesis that could also explain the functional redun-
dancy observed between Drosophila parkin and PINK1 (26, 27).
How presynaptic defects and decreased DA release may com-
promise the survival of dopaminergic neurons awaits future
studies to understand the mechanism by which a chronic defi-
ciency in DA release could lead to gradual loss of dopaminergic
terminals and ultimately cell bodies.

Methods
Generation of PINK1�/� Mice. The targeting vector was generated
by using the 1.9-kb DNA fragment (KpnI–Bsr GI) from a PINK1
BAC clone (Invitrogen, Carlsbad, CA) as the 5� homologous
region. The 2.1-kb DNA fragment amplified by PCR using
primers 1 and 2 was used as the 3� homologous region. The
targeting vector also includes a positive PGK-Neo selection
cassette and a negative PGK-DT selection cassette. The linear-
ized targeting vector was transfected into both J1 (129/Sv) and
MK (129/Sv; C57BL/6 F1 hybrid) ES cells by using standard
procedures. Two ES clones (MK and J1) were injected into
blastocytes of C57BL/6 or Balb C mice. Chimeric mice obtained
from ES clone 1 (MK) were intercrossed with 129/Sv;C57BL/6
F1 hybrid mice to acquire F1 heterozygous mutant mice, which
were then intercrossed to obtain homozygous mutant mice for
further analysis. All experiments except the molecular analysis
were performed in a genotype-blind manner.

Histology and Neuron Counting. Four pairs of brains from both
genotypic groups were embedded in each paraffin block and
sectioned at 16-�m thickness. Immunohistochemical analysis for
TH (1:1,000, rabbit anti-TH; Chemicon, Temecula, CA) and
Nissl counterstain were carried out by using Vector Elite ABC
kit with DAB on every 10th midbrain sections throughout the
entire SN. The number of DA neurons in the SN was determined
by counting TH-immunoreactive neurons in coronal sections by
using the fractionator and optical dissector methods of unbiased
stereology, an image analyzing system controlled by a computer
equipped with a BX51 microscope (Olympus, Melville, NY),
CCD camera, and Bioquant image analysis software.

Amperometric Recordings. Preparation of acute coronal striatal
slices and use of carbon fiber microelectrodes and electrical
stimulation parameters were previously described in (30). Local
bath application of the DA reuptake blocker nomifensine (3
�M) for 30 min was used to assess the contribution of reuptake
in the evoked DA signal. For preparation of dissociated adrenal
chromaffin cells, dissected medullae were dissociated with Ca2�-
free collagenase IA solution (0.2%) for 30 min and triturated in
1% BSA and 0.02% DNase. The cell culture medium contained
DMEM, 10% FBS, 50 units/ml penicillin, and 50 �g/ml strep-
tomycin. The cell suspension was placed onto laminin-coated
glass wells in 35-mm dishes. Cells were maintained in a 5% CO2
incubator at 37°C. Amperometric recordings took place between
days 1 and 3 after plating with carbon fiber microelectrodes
(5-�m tip diameter) after picospritzing an 80 mM K� solution
for 6 sec on individual cells. Data acquisition occurred at 50 kHz
and was digitally postfiltered at 1 kHz. Statistical significance was
analyzed through one-way ANOVA of the means for quantal
size, amplitude, width, and interspike interval.
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Electrophysiology. Corticostriatal slices (	250 �m) were pre-
pared from mice at the age of 2–3 months as described (30).
Whole-cell recordings were performed from individual neurons
visualized with differential interference contrast and infrared
microscopy. Pipettes (3–5 M
) were filled with an internal
solution containing 125 mM K�-gluconate, 10 mM NaCl, 1 mM
CaCl2, 2 mM MgCl2, 1 mM BAPTA, 19 mM Hepes, 0.3 mM
GTP, and 2 mM Mg-ATP, adjusted to pH 7.3 with KOH. Signals
were amplified with Axopatch 200B and stored on PC (Digidata
1200 and pClamp9). Current-voltage (I–V) relationship was
assessed by voltage-clamp experiments (holding potential �80
mV), applying 10-mV steps (0.3 s) from �140 to �40 mV. A
negative step (�10 mV) was used to measure membrane resis-
tance. Firing properties were investigated in current-clamp mode
applying 200 pA steps (1 s) from �500 to �700 pA. For sEPSCs,
10 �M bicuculline was added to block GABAA-mediated trans-
mission. To isolate mEPSCs, we applied tetrodotoxin (TTX, 1
�M). EPSCs were recorded and analyzed offline (MiniAnalysis
6.1; Synaptosoft).

Corticostriatal EPSPs were evoked with a bipolar electrode

placed in the white matter. Test stimuli were delivered at 0.1 Hz
in bicuculline. For HFS, (three trains: 3-sec duration, 100 Hz
frequency, 20-sec intervals), stimulus intensity was raised to
suprathreshold levels. Mg2� was omitted from the solution to
induce LTP. For each cell, the amplitude of six EPSPs was
averaged and plotted as a percentage of the amplitude averaged
for a period of 	10 min pre-HFS. For paired-pulse recordings,
we measured the EPSP2/EPSP1 ratio (PPR, 50-ms interstimulus
interval). Values given are mean � SEM. Student’s t test was
used to assess statistical significance. Drugs (bicuculline-
methiodide; Sigma, St. Louis, MO; SKF38398, quinpirole; Toc-
ris, Ellisville, MO) were applied by switching the control per-
fusion to drug-containing solution.
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