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ABSTRACT: Background: The degeneration of nigral
(A9) dopaminergic (DA) neurons results in cardinal motor
symptoms that define Parkinson’s disease (PD). Loss-of-
function mutations in parkin are linked to a rare form of
early-onset PD that is inherited recessively.
Objective: We generated isogenic human A9 DA neu-
rons with or without parkin mutations to establish the
causal relationship between parkin mutations and the
dysfunction of human A9 DA neurons.
Methods: Using TALEN (transcription activator-like effector
nuclease)- or CRISPR/Cas9-mediated gene targeting, we
produced two isogenic pairs of naivetropic induced pluripo-
tent stem cells (iPSCs) by repairing exon 3 deletions of
parkin in iPSCs derived from a PD patient and by introduc-
ing the PD-linked A82E mutation into iPSCs from a healthy
subject. The four lines of isogenic iPSCs were differentiated

to A9 DA neurons, which fired spontaneous pacemaking
action potentials (AP) dependent on L-type Ca2+ channels.
Results: The frequency of the pacemaking APs was sig-
nificantly reduced by parkin mutations introduced to nor-
mal neurons. Consistent with this, isogenic repair of
parkin mutations significantly increased the frequency
from that observed in patient-derived neurons.
Conclusions: The results show that parkin maintains
robust pacemaking in human iPSC-derived A9 DA neurons.
The function is critical to normal DA transmission required
for controlling voluntary locomotor activities. © 2023 Inter-
national Parkinson and Movement Disorder Society.
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Parkinson’s disease (PD) is the most common movement
disorder. The age-dependent progressive loss of nigral
(A9) dopaminergic (DA) neurons leads to its defining
motor symptoms that include bradykinesia, resting tremor,

rigidity, and postural instability.1 Approximately 85% of
PD cases are sporadic, whereas the remaining 15% have a
family history. Identification and functional studies of
monogenic mutations linked to PD have shed significant
insights into the molecular and cellular mechanisms of
PD.2,3 Among these genes, loss-of-function mutations in
parkin (PRKN) are frequently found in autosomal reces-
sive early-onset PD.4 Parkin is a ubiquitin E3 ligase5 that
controls dopamine utilization in human midbrain DA neu-
rons by limiting dopamine-induced oxidative stress and
enhancing the precision of DA transmission.6 The impor-
tance of parkin in maintaining DA transmission is
evidenced by the oscillatory neuronal activities observed in
human midbrain neurons differentiated from induced plu-
ripotent stem cells (iPSCs) of PD patients with parkin
mutations.7 The oscillatory neuronal activities, which par-
allel those found in the PD brain,8 are rescued by the over-
expression of parkin.7

Nigral DA neurons are autonomous pacemakers that
spontaneously fire action potentials (APs) in the range
of 2 to 10 Hz.9,10 These pacemaking APs ensure the
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continuous release of dopamine to striatal neurons. In
response to increased excitatory inputs, nigral DA neu-
rons exhibit phasic firing, which is superimposed on the
tonic firing pattern and at a much higher frequency.11

Both tonic and phasic firings are important for
maintaining the neural computation needed to control
voluntary movements.12,13 The pacemaking APs are
not affected when excitatory inputs are blocked; they
are dependent on L-type Ca2+ channels, as shown in
animal nigral DA neurons14 and in iPSC-derived
human A9 DA neurons.15

The lack of robust PD phenotypes in parkin knock-
out mice16 and rats17 is in sharp contrast to the situa-
tion in PD patients with parkin mutations, which
makes it necessary to establish the causal relationship
between parkin mutations and the dysfunction of
human A9 DA neurons. Genomic editing based on
TALEN (transcription activator-like effector nuclease)-
or CRISPR/Cas9-facilitated homologous recombination
enables the generation of isogenic pairs of iPSCs that
have the same genetic background and differ only in
the engineered genetic change.18 The efficiency of gene
targeting is further enhanced in naivetropic iPSCs, which
are in a naive-like state resembling the mouse embryonic
stem cells and thus have a much higher single-cell sur-
vival rate than primed state human iPSCs do.19 By per-
forming TALEN- and CRISPR/Cas9-facilitated gene
targeting in naivetropic iPSCs, we repaired the parkin
mutations in a PD patient with homozygous deletion of
exon 3, which is the most frequent mutation in parkin,
occurring in 10% of index patients.20 To establish that
parkin mutations are sufficient in producing a pheno-
type, we introduced the PD-linked A82E missense muta-
tions to a control iPSC line. We differentiated the two
pairs (four lines) of isogenic iPSCs to A9 DA neurons
using the method that we have developed recently.15

These human A9 DA neurons expressed the appropriate
markers, such as GIRK2 and ALDH1A1,21 but largely
not the A10 DA neuron marker CALBINDIN.22 They
fired pacemaking APs that were blocked by the L-type
Ca2+ channel antagonist nimodipine. We found that
parkin mutations were necessary and sufficient to signifi-
cantly reduce the frequency of pacemaking APs. The
results demonstrate the causal relationship between
parkin mutations and the disruption of robust pacemak-
ing in human A9 DA neurons, which is critical for con-
trolling voluntary locomotor activities.

Patients and Methods
TALEN-Mediated Repair of Exon 3 Deletions in

P002 Naivetropic iPSCs
This study modified and analyzed iPSCs generated in

a study6 previously approved by the Health Sciences
Institutional Review Board of the State University of

New York at Buffalo, which has determined that such
a study does not require ongoing review. A pair of
TALENs were designed according to a well-established
method23 and assembled using the golden gate protocol
(Addgene TALEN Kit 1000000024).24 Detailed
sequences of the TALENs are shown in Figure 1D. One
million P002 naivetropic iPSCs suspended in the
Human Nucleofector Stem Cell Kit 1 (Lonza) buffer
were nucleofected with 5 μg of linearized targeting vec-
tor and 4 μg of each of the two TALEN plasmids using
Nucleofection Program A23 following the manufac-
turer’s protocol. Cells were subsequently plated on
mouse embryonic fibroblasts (MEF) feeders in nai-
vetropic iPSC medium supplemented with the ROCK
inhibitor. Puromycin (0.2 mg/mL) was applied 48 hours
later. Individual colonies were manually picked and
expanded 7 to 10 days after the puromycin selection.
Polymerase chain reaction (PCR) was performed on
genomic DNA isolated from each colony to screen for
homologous recombinants. Positive clones were further
confirmed by Southern blotting of genomic DNA using
the external probe. After expansion, a confirmed posi-
tive clone was nucleofected with 10 μg of
pCAGCre:GFP (Addgene plasmid 13776) for transient
expression to remove the puromycin resistance cassette
by manual picking of GFP+ clones.

CRISPR/Cas9-Mediated Genomic Editing of
C002 Naivetropic iPSCs

Human codon-optimized Cas9 and chimeric guide
RNA (gRNA) expression backbone plasmid
pSpCas9 (BB)-2A-GFP (PX458) were obtained from
Addgene (plasmid 48138). A pair of annealed oligos
targeting exon 3 of parkin (forward strand:
CACCGGTCAAGAAATGAATGCAAC; reverse strand:
AAACGTTGCATTCATTTCTTGACC; underlined
sequences correspond to the gRNA sequence) were
cloned into the gRNA construct. The oligos were
designed based on the target-site sequence (20 bp)
and were flanked at the 30 end by a 3-bp NGG PAM
sequence as described.25 One million C002 nai-
vetropic iPSCs were trypsinized into single cells,
which were resuspended in the Human Nucleofector
Stem Cell Kit 1 buffer and mixed with 1 μg of single-
stranded DNA (ssDNA) containing the C to A mutation
(Ala82Glu) and 5 μg of parkin pSpCas9 (BB)-2A-GFP.
Nucleofection was performed using Program A23
according to the manufacturer’s protocol. The sequence
of the ssDNA was accttgctcccaaacagAATTGTGACCT
GGATCAGCAGAGCATTGTTCACATTGTGCAGAGA
CCGTGGAGAAAAGGTCAAGAAATGAATGAAAC
TGGAGGCGACGACCCCAGAAACGCGGCGGGAG
GCTGTGAGCGGGAGCCCCAGAGCTTGACTCGG-
GTGGACCTCAGCAGCTCAGTCCT (181 nt), with
lowercase letters representing intronic sequences,
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uppercase letters representing the sequence in exon
3, underlined sequence corresponding to the gRNA
sequence, and bold-italic A representing the mutation.
Cells were subsequently plated on MEF feeders in the

naivetropic iPSC medium supplemented with the
ROCK inhibitor for 24 hours. Dissociated GFP+ cells
were sorted on a flow cytometer at 24 to 48 hours
after nucleofection and plated on MEF feeders.

FIG. 1. TALEN (transcription activator-like effector nuclease)-mediated repair of parkin exon 3 deletions in P002 naivetropic iPSCs (induced pluripotent
stem cells). (A–C) Using primer pairs (a–e and 1–3) at different locations flanking exon 3 of the human PARK2 gene (A), we performed PCR (polymerase
chain reaction) on genomic DNA from a healthy subject (C002) and a PD patient with homozygous exon 3 deletion of parkin (P002). (B) The two
breakpoints in P002 were between primer pairs 1 and 3 and can be cloned using 1F and 3R primers. (C) The PCR product was sequenced to
reveal the locations of the two breakpoints, which were merged in P002. (D) A TALEN-mediated gene-targeting strategy was designed to insert a
2.9-kb fragment containing exon 3 into P002 by homologous recombination. The 17.7-kb EcoRI fragment in P002 became 10.2 kb after homologous
recombination. (E) Genomic DNA from P002 and individual clones of naive iPSCs after puromycin selection was digested with EcoRI and Southern
blotted with the external probe indicated in (D). (F) RT-PCR (reverse transcription-polymerase chain reaction) amplification of parkin using total RNA
isolated from the indicated naivetropic iPSCs. (G) Western blotting of parkin in cell lysates of neuroepithelial cells differentiated from the indicated
iPSCs. [Color figure can be viewed at wileyonlinelibrary.com]
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Individual colonies were picked and expanded 7 to
10 days after cell sorting. The genomic region sur-
rounding the parkin CRISPR target site was amplified
by PCR and sequenced to identify targeted clones.

Reversion of Naivetropic iPSCs to the Primed
State

Naivetropic iPSC colonies were picked manually and
plated on MEF feeders in the human embryonic stem
cells (hESC) medium with basic fibroblast growth fac-
tor (bFGF) in 21% O2 as previously described.19 Typi-
cal primed state colonies appeared 7 to 10 days later.
These reverted iPSCs were passaged every 5 to 7 days
using dispase (1 mg/mL) in the hESC medium with
bFGF.19

Directed Differentiation of Reverted iPSCs to
A9 DA Neurons

Reverted iPSCs were differentiated to A9 DA pace-
makers using the protocol that we have developed
recently.15 Briefly, iPSC colonies were detached from
MEF feeders with dispase to produce embryoid bodies
(EBs) in suspension culture in DMEM/F12 and Neuro-
basal (1:1) containing N2 (1:100), B27 without vitamin
A (1:50), ascorbic acid (0.2 mM), SB431542 (10 μM),
dorsomorphin (5 μM), purmorphamine (3 μM), and
CHIR99021 (0.8 μM). On day 4, the EBs were
attached on matrigel-coated plates and cultured in the
same medium until day 16 to generate midbrain floor
plate (mFP) progenitors. SB431542 and dorsomorphin
were removed on day 6. On day 16, the progenitor cells
were dissociated with accutase to single cells, which
were plated on polyornithine/matrigel-coated plates at
a density of 5000 to 10,000 cells/cm2 in the same
medium as previously but with 1 μM purmorphamine
instead. On day 18, the medium was changed to Neuro-
basal with N2, B27 without vitamin A, brain-derived neu-
rotrophic factor (20 ng/mL), glial cell line-derived
neurotrophic factor (20 ng/mL), and TGFβ3 (1 ng/mL).
On day 20, dibutyryl-cAMP (dcAMP) (0.5 mM) and N-
[N-(3, 5-difluorophenacetyl)-l-alanyl]-s-phenylglycinet-butyl
ester (DAPT) (1 μM) were added to the medium. The
ROCK inhibitor Y27632 (10 μM) was added during
the first 48 hours. From day 24, cells were cultured in
the differentiation medium without purmorphamine
and CHIR99021. The medium was half-changed
every 2 days up to day 140.

Immunostaining
Cells were cultured in matrigel-coated 24-well plates.

They were fixed in 4% paraformaldehyde (Sigma, St
Louis, MO, USA) for 20 minutes, permeabilized with
0.1% Triton X-100 for 15 minutes at room tempera-
ture, blocked in 3% bovine serum albumin for
60 minutes at room temperature, and then incubated

with primary antibody overnight at 4�C and by the sec-
ondary antibody for 2 hours at room temperature. The
primary antibodies (all from Millipore, St Louis, MO,
USA) used in this study were TH (1:1000), NANOG
(1:1000), OCT4 (1:1000), FOXA2 (1:1000), LMX2
(1:1000), OTX2 (1:1000), CORIN (1:1000), GIRK2
(1:1000), ALDH1A1 (1:1000), and CALB (1:1000).
The secondary antibodies used were Alexa Fluor
488 and 594 (1:1000; Invitrogen, Carlsbad, CA, USA).

Electrophysiology
Neurons on days 110 to 140 were used to record spon-

taneous APs. Whole-cell current-clamp recordings were
performed using the internal solution containing (in mM)
125 K-gluconate, 10 KCl, 10 N-2-hydroxyethylpiperazine-
N-2-ethane sulfonic acid, 0.5 ethylene glycol-bis
(β-aminoethyl ether)-N,N,N0,N0-tetraacetic acid, 3
Na2ATP, 0.5 Na2GTP, and 12 phosphocreatine at
pH 7.25 and 280 mOsm. The cells were perfused with
artificial cerebrospinal fluid, and membrane potentials
were kept at �55 to �65 mV. Spontaneous APs were
recorded without current injection. Data analyses were
performed using Clampfit (Axon Instruments, Burlingame,
CA, USA) and KaleidaGraph (Albeck Software, Reading,
PA, USA).

Statistical Analysis
All data are expressed as mean � standard error of

measurement. Unpaired 2-tailed Student’s t tests were
performed to evaluate whether the two groups were sig-
nificantly different from each other. Statistical signifi-
cance was set at P < 0.05.

Results
TALEN-Mediated Repair of Parkin Exon
3 Deletions in P002 Naivetropic iPSCs

The PD patient P002 has homozygous deletions of
exon 3 of parkin.6 To repair the mutations by homolo-
gous recombination, we first performed a series of PCRs
to locate the breakpoints of exon 3 deletions. We ampli-
fied 400 to 500 bp products at (a) 160 kb, (b) 80 kb, and
(c) 40 kb upstream or (d) 30 kb and (e) 40 kb down-
stream of exon 3 (Fig. 1A). Fragment c was not amplified
from the P002 genomic DNA, in contrast to the situation
when the genomic DNA of the healthy subject C002 was
used (Fig. 1B). It indicated that the fragment was deleted
in P002. We designed additional primers at (1) 54 kb and
(2) 50 kb upstream and (3) 21 kb downstream of exon
3 (Fig. 1A) and found that only fragment 2 was deleted in
P002 (Fig. 1B). The sequences of all primers and the sizes
of the PCR products are presented in Table S1. Using
primers 1F and 3R, we amplified a 2-kb band from P002
(Fig. 1B), cloned it into the TA vector, and sequenced
10 individual clones. When the sequence was aligned with
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the reference sequence of the human genome, a deletion
of 75,866 bp was identified in the P002 genome
(Fig. 1C). All 10 TA clones had the same sequence, indi-
cating that both alleles had the same deletion. P002 is an
offspring of a consanguineous marriage.
Based on the sequence flanking the breakpoints

in P002, we constructed a gene-targeting vector to
insert a 2.9-kb genomic DNA fragment containing exon
3 into the P002 genome. To increase the efficiency of
homologous recombination, we generated a pair of
TALENs to introduce a double-stranded cut 1188 bp
upstream of the fused breakpoints (Fig. 1D) in naivetropic
iPSCs, which have significantly higher efficiency of homol-
ogous recombination than primed-state iPSCs do.19 We
introduced the targeting construct and the TALEN pair
by nucleofection of P002 naivetropic iPSCs.19 Southern
blotting with an external probe (Fig. 1D) showed that
R22 was a homozygously targeted clone, whereas PR6
was a heterozygously targeted clone (Fig. 1E). Both clones
were transiently transfected with a Cre plasmid to remove
the puromycin-resistance cassette. Reverse transcription-
polymerase chain reaction (RT-PCR) amplification of
mRNA isolated from naive iPSCs showed that parkin
mRNA in P002 was homozygously repaired to the same
state as in the C002 healthy subject (Fig. 1F). Sequencing
of the RT-PCR products confirmed that the mutations
were repaired. The protein expression levels of parkin in
naivetropic iPSCs were too low for Western blot detec-
tion. Thus, we reverted naive iPSCs to primed iPSCs,19

which were differentiated into neuroepithelial cells for
Western blotting. Parkin expression was fully restored in
R22 cells and partially restored in PR6 cells (Fig. 1G).
This pair of isogenic iPSCs enabled us to study whether
parkin mutations were necessary for a phenotype.

CRISPR/Cas9-Mediated A82E Point Mutations
of Parkin in C002 Naivetropic iPSCs

To establish that parkin mutations are sufficient to
produce a phenotype, we introduced the PD-linked
A82E point mutations in the normal C002 naivetropic
iPSCs that we have generated.19 A gRNA was selected
to introduce a double-stranded break near Ala82 in
exon 3 of the human parkin gene (Fig. 2A). A
181-nucleotide ssDNA containing a C to A mutation,
which corresponds to the A82E mutation, was used as
the gene-targeting construct (Fig. 2A). Oligos
corresponding to the gRNA sequence were annealed
and cloned into the CRISPR/Cas9 construct with GFP
for selection (Fig. 2B). We nucleofected the CRISPR/
Cas9 construct and ssDNA into C002 naivetropic
iPSCs.19 Then, we selected GFP+ clones, expanded
them, and extracted genomic DNA for PCR amplifica-
tion of exon 3 of parkin. One clone contained homozy-
gous mutations of A82E (Fig. 2C) and was named
as A82E.

Directed Differentiation of Isogenic Naivetropic
iPSCs to A9 DA Neurons

We reverted the two pairs of isogenic naivetropic
iPSCs (P002 and R22, C002 and A82E) to the primed
state by switching the naivetropic hPSC medium with 2i,
LIF, and DOX to the standard hESC medium that con-
tains bFGF.19 Using the method that we have developed
recently,15 we differentiated the four lines of primed
iPSCs into A9 DA neurons (Fig. 3A). Primed iPSCs,
which showed very similar expression of pluripotency
markers NANAG and OCT4 (Fig. 3B), were differenti-
ated into mFP cells, which exhibited similar expression
of FOXA2, LMX1, and OTX2 across the four lines on
day 14 of differentiation (Fig. 3C). Further differentia-
tion of mFP cells in neuronal maturation medium con-
taining the Notch inhibitor DAPT, dcAMP, and various
neurotrophic factors generated TH+ neurons that
coexpressed the midbrain marker FOXA2 (Fig. 3D) and
the floor plate marker CORIN (Fig. 3E) on day 42.
Immunostaining of these neurons on day 60 showed that

FIG. 2. Introducing A82E mutations to the parkin gene in naivetropic
iPSCs (induced pluripotent stem cells) from a healthy subject using
CRISPR/Cas9. (A) A gene-targeting strategy to introduce A82E muta-
tions (C to A in DNA) in exon 3 of parkin. The location and length of the
single-stranded DNA (ssDNA) targeting construct are drawn to scale on
top of exon 3. The guide RNA (gRNA) sequence in the CRISPR con-
struct is shown below exon 3. (B) A single-vector CRISPR/Cas9 con-
struct containing the gRNA sequence above was electroporated into
naivetropic C002 iPSCs, which were picked for the transient expression
of GFP. (C) After PCR (polymerase chain reaction) amplification of exon
3 of parkin from genomic DNA, a sequencing trace of a homozygously
targeted clone (named A82E) showed the presence of A82E mutations.
[Color figure can be viewed at wileyonlinelibrary.com]
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FIG. 3. Directed differentiation of human iPSCs (induced pluripotent stem cells) to A9 DA (dopaminergic) neurons. (A) The protocol to differentiate
human iPSCs to embryoid bodies (EB), midbrain floor plate (mFP) cells, and then A9 DA neurons. We used the double SMAD inhibitors
(SB, SB431542 at 10 μM, and DM, dorsomorphin, 5 μM) to drive the differentiation of iPSCs into neural lineages, appropriate levels of purmorphamine
(PM, 3 μM) to specify the dorsal–ventral position, and CHIR99021 (CH, 0.8 μM) to determine the rostral–caudal location. (B) The resulting mFP cells
were differentiated into A9 DA neurons with the indicated compounds and growth factors to enhance the maturation of neurons. The four lines of
isogenic-primed iPSCs (P002 and R22, C002 and A82E) were co-stained for pluripotency markers NANAG and OCT4, along with DAPI. (C) mFP
cells differentiated from the four lines of isogenic iPSCs coexpressed FOXA2, LMX1, and OTX2. (D–H) The iPSC-derived neurons coexpressed TH with
(D) the midbrain marker FOXA2, (E) the floor plate marker CORIN, (F) the A9 markers GIRK2, (G) and ALDH1A1 but not (H) the A10 marker CALBINDIN
(CALB). [Color figure can be viewed at wileyonlinelibrary.com]
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they coexpressed TH and markers for A9 DA neurons,
such as GIRK221 (Fig. 3F) and ALDH1A121 (Fig. 3G),
but largely not CALBIDIN (Fig. 3H), which is expressed
in A10 DA neurons.22 Separate channels of the merged
images for Figure 3B–H are shown in Figure S1.

Parkin Mutations Significantly Decreased the
Frequency of Pacemaking APs in A9 DA

Neurons
We performed electrophysiological recordings in

mature A9 DA neurons differentiated from the four
lines of iPSCs for 110 to 140 days. Spontaneous APs in
the absence of current injections were recorded in all
four lines of iPSC-derived A9 DA neurons (Fig. 4A–D).
Application of the L-type Ca2+ channel blocker
nimodipine (20 μM) abolished the APs (Fig. 4A–D), which
confirms that these APs are pacemaking activities, as we
have demonstrated recently.15 The frequency of pacemak-
ing APs in P002 neurons (1.79 � 0.17 Hz, n = 12
neurons) (Fig. 4A) significantly increased when the
exon 3 deletion mutations of parkin were repaired in
the isogenic R22 neurons (3.72 � 0.31 Hz, n = 11
neurons, P < 0.001, t test) (Fig. 4B,E). Consistent
with these results, the frequency of pacemaking APs
in the healthy control C002 neurons (8.01 � 1.02 Hz,
n = 8 neurons) (Fig. 4C) significantly decreased when
parkin mutations were introduced in the isogenic A82E
neurons (3.17 � 0.32 Hz, n = 9, P < 0.01, t test)
(Fig. 4D,F). The results from the two isogenic pairs of
A9 DA neurons suggest that parkin mutations are
necessary and sufficient in reducing the frequency of
pacemaking APs.

Discussion

In this study, we generated two pairs of isogenic nai-
vetropic iPSCs with or without parkin mutations and
differentiated them into A9 DA neurons to study the
impact of parkin mutations on the function of these
neurons. The repair of parkin mutations in P002 neu-
rons from a PD patient significantly increased the fre-
quency of pacemaking APs, whereas the introduction of
parkin mutations to C002 neurons from a control sub-
ject significantly decreased the frequency of pacemaking
APs. The reciprocal experiments demonstrated that
parkin mutations were necessary and sufficient to
reduce the frequency of pacemaking APs.
There are at least two mechanisms that ensure the

robust delivery of dopamine to the striatum by nigral DA
neurons. One is the massive axon arborization of a single
nigral DA neuron, which occupies 2.7% of the striatal
volume in a rat.26 This means that only 37 nigral DA
neurons are needed in one hemisphere to achieve 1�
innervation of the whole striatum on the same side.26 The
number of nigral DA neurons in a rat brain hemisphere is
estimated to be 3500 to 7200,27,28 which serves to inner-
vate the striatum at more than 100� redundancy. The
other mechanism is the tonic release of dopamine induced
by pacemaking APs of nigral DA neurons.10,29 Indeed,
striatal dopamine concentration is not significantly

FIG. 4. Parkin mutations decreased the frequency of pacemaking action
potentials. (A–D) Representative pacemaking action potential traces of
neurons (on days 110–140) differentiated from (A) P002, (B) R22, (C)
C002, or (D) A82E iPSCs (induced pluripotent stem cells). Application of
the L-type Ca2+ channel blocker nimodipine (20 μM) abolished these
APs (action potentials). (E) AP frequency significantly increased when
parkin mutations in P002 neurons (n = 12) were repaired in R22 neurons
(n = 11, *P < 0.001, t test). (F) AP frequency was significantly lower in
A82E neurons (n = 9) compared to that in the parental C002 neurons
(n = 8, #P < 0.01, t test).
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decreased until 80% of nigral DA neurons are lesioned
by 6-hydroxydopamine in rats.30,31 Thus, the reduction in
the frequency of pacemaking APs in the absence of func-
tional parkin may compromise the robustness of dopa-
mine delivery only when there is a sufficient loss of nigral
DA neurons, which is age dependent. This may explain
why the strong effect that we observed in the culture dish,
which may reflect the situation in the embryonic brain,
results in clinical symptoms decades later. As parkin limits
dopamine-induced oxidative stress32 by suppressing the
transcription of monoamine oxidases,33,34 parkin muta-
tions render human midbrain DA neurons much more
vulnerable to oxyradicals produced in the routine catabo-
lism of dopamine through oxidative deamination.6

The impact of parkin mutations on the frequency of
pacemaking APs is not uniform on the genetic back-
ground of the patient (P002) and the healthy subject
(C002). In A9 DA neurons without parkin mutations,
the AP frequency was 3.72 � 0.31 Hz in R22 neurons
(repaired from P002) and 8.01 � 1.02 Hz in C002 neu-
rons (Fig. 4E,F). The two subjects have very different
genetic characteristics. P002 is a female Japanese off-
spring of a consanguineous marriage, with substantially
higher degrees of homozygosity in her genome. Her PD
symptoms started at age 40 years, and she was sampled
at 45 years. C002 is a healthy Caucasian male sampled
at age 60 years. The differential expression of many
genes in A9 DA neurons derived from both subjects
may contribute to the different frequencies of their
pacemaking APs in the absence of parkin mutations.
Future studies exploring the transcriptome and prote-
ome of these isogenic A9 DA neurons under different
genetic backgrounds may identify the genetic factors
that contribute to the baseline difference in AP frequen-
cies and how parkin interacts with these factors to
influence AP frequency.
The main limitation of this study is the singular find-

ing that pacemaking AP frequency is decreased by
parkin mutations. The generation of mature A9 DA
pacemakers from iPSCs required significant effort and
time (up to 140 days), which substantially constrained
exploratory studies on these neurons, particularly using
electrophysiology. It is unknown what factors determine
the frequency of pacemaking APs. Possible contributors
may include various L-type Ca2+ channels, dopamine D2

autoreceptors, voltage-gated Na+ and K+ channels,
K-ATP channels, and HCN channels. Separate studies, for
example, on intracellular Ca2+ levels, K-ATP currents, Ih
current, and D2 autoreceptor functions may uncover criti-
cal contributing factors. Once a key contributor is identi-
fied, it would then become feasible to study how parkin
mutations affect the function of the key contributor. As
parkin regulates mitophagy,35 it is conceivable that mito-
chondrial dysfunction as a consequence of parkin muta-
tion may affect the ability of mitochondria to produce
ATP and buffer the rise of intracellular Ca2+. Cellular

ATP levels regulate the activity of Na+, K+-ATPase, which
critically affects membrane excitability. Intracellular Ca2+

concentration regulates Ca2+-induced Ca2+ release from
intracellular stores, such as the endoplasmic reticulum. It
seems likely that parkin may regulate the frequency of
pacemaking APs through complex and intertwined mecha-
nisms that may not fit a simple qualitative narrative. A
more quantitative understanding of the enzymatic prop-
erty of parkin is needed to model its cellular functions in
the context of human A9 DA neurons. Regardless of these
cell biology questions, the physiological impact of parkin
mutations on autonomous pacemaking of human A9 DA
neurons is highly important to the pathogenesis of
PD. Further studies on additional pairs of isogenic iPSC-
derived A9 DA neurons with or without parkin mutation
will confirm the consistent directionality of the changes.
These studies would be most meaningful when we recruit
subjects of different genetic backgrounds.

Conclusion

The study generated two isogenic pairs of human A9
DA neurons with or without parkin mutation on the
genetic backgrounds of a healthy subject and a PD
patient. The frequency of pacemaking APs significantly
decreased when parkin mutations were introduced in
normal neurons and significantly increased when
parkin mutations in PD neurons were repaired. The
results established that parkin mutations were sufficient
and necessary to reduce the robustness of autonomous
pacemaking in human A9 DA neurons, a critical func-
tion required for motor control.

Acknowledgments: We thank the subjects who participated in this
study and Dr. Kazuhiro Nakaso for originally providing the skin tissue of
P002. We thank E.F. Trachtman for donation. The authors declare no
conflict of interest.

Data Availability Statement
All data are included in the manuscript.

References
1. Kalia LV, Lang AE. Parkinson’s disease. Lancet 2015;386:896–912.

2. Bandres-Ciga S, Diez-Fairen M, Kim JJ, Singleton AB. Genetics of
Parkinson’s disease: an introspection of its journey towards precision
medicine. Neurobiol Dis 2020;137:104782.

3. Panicker N, Ge P, Dawson VL, Dawson TM. The cell biology of
Parkinson’s disease. J Cell Biol 2021;220:e202012095.

4. Bloem BR, Okun MS, Klein C. Parkinson’s disease. Lancet 2021;
397:2284–2303.

5. Shimura H, Hattori N, Kubo S, et al. Familial Parkinson disease
gene product, parkin, is a ubiquitin-protein ligase. Nat Genet 2000;
25:302–305.

6. Jiang H, Ren Y, Yuen EY, et al. Parkin controls dopamine utiliza-
tion in human midbrain dopaminergic neurons derived from induced
pluripotent stem cells. Nat Commun 2012;3:668.

8 Movement Disorders, 2023

P U E T A L

 15318257, 0, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.29434 by U
niversity A

t B
uffalo (Suny), W

iley O
nline L

ibrary on [11/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



7. Zhong P, Hu Z, Jiang H, Yan Z, Feng J. Dopamine induces oscilla-
tory activities in human midbrain neurons with parkin mutations.
Cell Rep 2017;19:1033–1044.

8. Brittain JS, Brown P. Oscillations and the basal ganglia: motor con-
trol and beyond. Neuroimage 2014;85(Pt 2):637–647.

9. Wilson CJ, Young SJ, Groves PM. Statistical properties of neuronal
spike trains in the substantia nigra: cell types and their interactions.
Brain Res 1977;136:243–260.

10. Grace AA, Bunney BS. Intracellular and extracellular electrophysiol-
ogy of nigral dopaminergic neurons—1. Identification and charac-
terization. Neuroscience 1983;10:301–315.

11. Grace AA, Bunney BS. The control of firing pattern in nigral
dopamine neurons: burst firing. J Neurosci 1984;4:2877–2890.

12. Dreyer JK, Herrik KF, Berg RW, Hounsgaard JD. Influence of
phasic and tonic dopamine release on receptor activation.
J Neurosci 2010;30:14273–14283.

13. Williams D, Tijssen M, Van Bruggen G, et al. Dopamine-dependent
changes in the functional connectivity between basal ganglia and cere-
bral cortex in humans. Brain 2002;125:1558–1569.

14. Nedergaard S, Flatman JA, Engberg I. Nifedipine- and omega-con-
otoxin-sensitive Ca2+ conductances in Guinea-pig substantia nigra
pars compacta neurones. J Physiol 1993;466:727–747.

15. Li H, Jiang H, Li H, Li L, Yan Z, Feng J. Generation of human A9
dopaminergic pacemakers from induced pluripotent stem cells. Mol
Psychiatry 2022;27:4407–4418.

16. Perez FA, Palmiter RD. Parkin-deficient mice are not a robust model
of parkinsonism. Proc Natl Acad Sci U S A 2005;102:2174–2179.

17. Dave KD, De Silva S, Sheth NP, et al. Phenotypic characterization of
recessive gene knockout rat models of Parkinson’s disease. Neuro-
biol Dis 2014;70:190–203.

18. Pu J, Frescas D, Zhang B, Feng J. Utilization of TALEN and
CRISPR/Cas9 technologies for gene targeting and modification. Exp
Biol Med (Maywood) 2015;240:1065–1070.

19. Hu Z, Pu J, Jiang H, et al. Generation of Naivetropic induced plu-
ripotent stem cells from Parkinson’s disease patients for high-
efficiency genetic manipulation and disease modeling. Stem Cells
Dev 2015;24:2591–2604.

20. Wasner K, Grunewald A, Klein C. Parkin-linked Parkinson’s dis-
ease: from clinical insights to pathogenic mechanisms and novel
therapeutic approaches. Neurosci Res 2020;159:34–39.

21. Thompson L, Barraud P, Andersson E, Kirik D, Bjorklund A. Identi-
fication of dopaminergic neurons of nigral and ventral tegmental
area subtypes in grafts of fetal ventral mesencephalon based on cell
morphology, protein expression, and efferent projections. J Neurosci
2005;25:6467–6477.

22. McRitchie DA, Hardman CD, Halliday GM. Cytoarchitectural dis-
tribution of calcium binding proteins in midbrain dopaminergic
regions of rats and humans. J Comp Neurol 1996;364:121–150.

23. Hockemeyer D, Wang H, Kiani S, et al. Genetic engineering of
human pluripotent cells using TALE nucleases. Nat Biotechnol
2011;29:731–734.

24. Cermak T, Doyle EL, Christian M, et al. Efficient design and assem-
bly of custom TALEN and other TAL effector-based constructs for
DNA targeting. Nucleic Acids Res 2011;39:e82.

25. Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F.
Genome engineering using the CRISPR-Cas9 system. Nat Protoc
2013;8:2281–2308.

26. Matsuda W, Furuta T, Nakamura KC, Hioki H, Fujiyama F,
Arai R, Kaneko T. Single nigrostriatal dopaminergic neurons form
widely spread and highly dense axonal arborizations in the
neostriatum. J Neurosci 2009;29:444–453.

27. Halliday GM, Tork I. Comparative anatomy of the ventromedial
mesencephalic tegmentum in the rat, cat, monkey and human.
J Comp Neurol 1986;252:423–445.

28. Oorschot DE. Total number of neurons in the neostriatal, pallidal,
subthalamic, and substantia nigral nuclei of the rat basal ganglia: a
stereological study using the cavalieri and optical disector methods.
J Comp Neurol 1996;366:580–599.

29. Robinson DL, Venton BJ, Heien ML, Wightman RM. Detecting
subsecond dopamine release with fast-scan cyclic voltammetry
in vivo. Clin Chem 2003;49:1763–1773.

30. Castaneda E, Whishaw IQ, Robinson TE. Changes in striatal dopa-
mine neurotransmission assessed with microdialysis following recov-
ery from a bilateral 6-OHDA lesion: variation as a function of
lesion size. J Neurosci 1990;10:1847–1854.

31. Abercrombie ED, Bonatz AE, Zigmond MJ. Effects of L-dopa on
extracellular dopamine in striatum of normal and
6-hydroxydopamine-treated rats. Brain Res 1990;525:36–44.

32. Jiang H, Ren Y, Zhao J, Feng J. Parkin protects human dopaminer-
gic neuroblastoma cells against dopamine-induced apoptosis. Hum
Mol Genet 2004;13:1745–1754.

33. Jiang H, Jiang Q, Liu W, Feng J. Parkin suppresses the expression of
monoamine oxidases. J Biol Chem 2006;281:8591–8599.

34. Ren Y, Jiang H, Ma D, Nakaso K, Feng J. Parkin degrades
estrogen-related receptors to limit the expression of monoamine oxi-
dases. Hum Mol Genet 2011;20:1074–1083.

35. Pickrell AM, Youle RJ. The roles of PINK1, parkin, and mito-
chondrial Fidelity in Parkinson’s disease. Neuron 2015;85:
257–273.

Supporting Data

Additional Supporting Information may be found in
the online version of this article at the publisher’s
web-site.

Movement Disorders, 2023 9

P A R K I N M A I N T A I N S P A C E M A K I N G I N A 9 D A N E U R O N S

 15318257, 0, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.29434 by U
niversity A

t B
uffalo (Suny), W

iley O
nline L

ibrary on [11/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



SGML and CITI Use Only
DO NOT PRINT

Author Roles

J.P.: conception and design, data acquisition and analysis, drafting of the text. L.L.: conception and design, data
acquisition and analysis, drafting of the text. H.J.: conception and design, data acquisition and analysis, drafting of
the text. Z.H.: data acquisition and analysis. H.L.: data acquisition and analysis. Z.Y.: drafting and editing of the
text. B.Z.: conception and design, drafting of the text. J.F.: conception and design, data analysis, drafting, editing,
and revising of the text.

 15318257, 0, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.29434 by U
niversity A

t B
uffalo (Suny), W

iley O
nline L

ibrary on [11/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



B

P002 R22 C002 A82E

P002 R22 C002 A82E

P002 R22 C002 A82E

P002 R22 C002 A82E

B’

B”

B’”

FOXA2/LMX1/OTX2/DAPIC

C’

C”

C’”

C””

P002 R22 C002 A82E

P002 R22 C002 A82E

P002 R22 C002 A82E

P002 R22 C002 A82E

P002 R22 C002 A82E

Fig. S1B-C”” Separate channels of merged images in Figure 3B-C 

NANOG/OCT4/DAPI

NANOG

OCT4

DAPI

FOXA2

LMX1

OTX2

DAPI



P002 R22 C002 A82E

P002 R22 C002 A82E

P002 R22 C002 A82E

P002 R22 C002 A82E

D

D’

D”

D’”

P002 R22 C002 A82E

P002 R22 C002 A82E

P002 R22 C002 A82E

P002 R22 C002 A82E

E

E’

E”

E’”

Fig. S1D-E”” Separate channels of merged images in Figure 3D-E 

FOXA2/TH/DAPI

CORIN/TH/DAPI

TH

TH

FOXA2

DAPI

CORIN

DAPI



P002 R22 C002 A82E

P002 R22 C002 A82E

P002 R22 C002 A82E

P002 R22 C002 A82E

F

F’

F”

F’”

P002 R22 C002 A82E

P002 R22 C002 A82E

P002 R22 C002 A82E

P002 R22 C002 A82E

G

G’

G”

G’”

Fig. S1F-G”” Separate channels of merged images in Figure 3F-G 

GIRK2/TH/DAPI

TH

GIRK2

DAPI

ALDH1A1/TH/DAPI

TH

ALDH1A1

DAPI



P002 R22 C002 A82E

P002 R22 C002 A82E

P002 R22 C002 A82E

P002 R22 C002 A82E

Fig. S1H  Separate channels of merged images in Figure 3H 

TH

Calbindin

DAPI

Calbindin/TH/DAPI



Supplementary Table 1: Sequence of PCR primers.  
 
ID Sequence Product Length (bp) 
aF CAGTCCTGTAATGTCGGCACCTTT 
aR GACTCACTGTGGACACCTAAGCCA 

485 

bF CACGTTAGGGATTAGAAGCCAAAG 
bR ATTAGCACCAGGCACGATGTGAAG 

439 

cF CTATGGCTGTGTAACAACTTACCA 
cR GAAGGAGACTTCAATCATGAGAGA 

383 

dF TGTGACACTGCATCAGTGAACATC 
dR TCACCATGAGCACTAATGAACAAC 

433 

eF CTGAAGTTGTAGGACTGAAGTCCT 
eR ACTTTGGACAACATAGGAGGCAGA 

451 

1F CAGTGACATGAGGTATCATGACTG 
1R TCAGAGCTAGAAAGGATGCTGCAG 

366 

2F GTCAGAGGAGGTATAGTCTGGAAT 
2R CCACATGCAAGATCCTAAGTAGCT 

290 

3F CACATTGTACCTCCAGTGGCTCTG 
3R GGTGTGCAGTAGGCTATACCATCT 

486 

RT-PCR for 
Parkin 

  

F CACCTACCCAGTGACCATGATA 
 

R GCTACTGGTGTTTCCTTGTCAGA 

Wild type:606 (R22 
and C002 in Fig. 1F)
Exon 3 deletion:365 
(P002 in Fig. 1F) 
Heterozygous: 606 
and 365 (PR6 in Fig. 
1F)   
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