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Upregulated ECM genes and increased
synaptic activity in Parkinson’s human DA
neurons with PINK1/ PRKN mutations
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Parkinson’s disease (PD) is the second most prevalent neurodegenerative disease. Primary symptoms
of PD arise with the loss of dopaminergic (DA) neurons in the Substantia Nigra Pars Compacta, but PD
also affects the hippocampus and cortex, usually in its later stage. Approximately 15% of PD cases are
familial with a genetic mutation. Two of the most associated genes with autosomal recessive (AR)
early-onset familial PD are PINK1 and PRKN. In vitro studies of these genetic mutations are needed to
understand the neurophysiological changes in patients’ neurons that may contribute to
neurodegeneration. In this work, we generated and differentiated DA and hippocampal neurons from
human induced pluripotent stem cells (hiPSCs) derived from two patients with a double mutation in
their PINK1 and PRKN (one homozygous and one heterozygous) genes and assessed their
neurophysiology compared to two healthy controls. We showed that the synaptic activity of PD
neurons generated from patients with the PINK7 and PRKN mutations is impaired in the hippocampus
and dopaminergic neurons. Mutant dopaminergic neurons had enhanced excitatory post-synaptic
activity. In addition, DA neurons with the homozygous mutation of PINK 7 exhibited more pronounced
electrophysiological differences compared to the control neurons. Signaling network analysis of RNA
sequencing results revealed that Focal adhesion and ECM receptor pathway were the top two
upregulated pathways in the mutant PD neurons. Our findings reveal that the phenotypes linked to
PINK1 and PRKN mutations differ from those from other PD mutations, suggesting a unique interplay
between these two mutations that drives different PD mechanisms.

Parkinson’s disease (PD) is a progressive neurodegenerative disease that is
the second most prevalent neurological disease among the elderly’. PD
affects approximately 2-3% of the world’s population over the age of 65,
and it is considered to be one of the aging-related diseases’. However,
genetic mutations can result in an early-onset PD (before the age of 50), also
known as familial PD, which accounts for 10-15% of all cases’.

Genes involved in monogenic cases of PD include SNCA, which codes
for the a-synuclein protein, leucine-rich repeat kinase 2 (LRRK2), glucosi-
dase beta acid (GBA), phosphatase and tensin homolog (PTEN)-induced
putative kinase 1 (PINK1), parkin RBR E3 ubiquitin-protein ligase (PRKN),
and cytoplasmic protein sorting 35 (VPS35). The genes SNCA, LRRK2, and
VPS35 are associated with PD in autosomal dominant forms, whereas
PINK1 and PRKN are associated with PD in an autosomal recessive (AR)

form ref. 8. Approximately 85% of PD cases are sporadic because no
identifiable genetic etiology has been established’.

PD is further characterized by the selective loss of the dopaminergic
(DA) neurons in the substantia nigra pars compacta (SNpc)'. A distin-
guishing feature of PD is a-synuclein aggregation, which is a primary
component of Lewy bodies (LBs) that contributes to the pathophysiology of
various PD subtypes''. However, there is an ongoing debate about whether
the production of a-synuclein aggregations in Lewy bodies is sufficient to
cause clinical parkinsonism or neurodegeneration. A recent study has
connected PD to an aberrant accumulation of several misfolded proteins,
although their specific role in the disease is uncertain. While the precise
pathogenic basis of PD remains unclear, several variants with variable
prognoses have been extensively characterized'”.
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Although PD is a mobility disorder in some instances, it may also
impair cognition and other autonomic processes”. The cardinal motor
symptoms include tremors, bradykinesia, hypokinesia, akinesia, stiffness,
and postural instability. The current state of pharmaceutical treatment does
not alter PD’s normal progression. Instead, treatment focuses on symptoms
and largely targets the DA system.

PINKI and PRKN are the most common genes linked to AR early-
onset familial PD. Disease onset typically occurs in the third or fourth
decade oflife and usually presents as a slow progression'*'*. The PRKN gene
islocated on the 6q25.2-27 chromosome'” and encodes the Parkin protein, a
cytosolic E3 ubiquitin ligase that functions in the ubiquitin-proteasome
pathway. PD onset in people with PRKN mutations occurs before the fourth
decade of life, constituting 50% of all AR PD cases. These mutations range
from minor deletions and base pair substitutions to massive deletions that
span hundreds of nucleotides'".

Following PRKN, the second most frequent AR mutation in young-
onset PD is PINK1, a serine/threonine protein kinase encoded by the PINK1
gene. PINK1 has a kinase domain at the C- terminus and a mitochondrial
targeting domain at the N-terminus. The proteasome truncates the
N-terminal domain of the gene, resulting in the release of cytosolic PINK1*.
Forty-two different mutations have been documented within the PINKI
exons in both heterozygous and homozygous states, with Q456X being the
most common form of PINKI-related PD mutation®"*>. Recent studies
using human induced pluripotent stem cells (hiPSCs) have shown that
PINK1 and PRKN mutations are involved in mitochondrial dysfunction and
that PINKI and PRKN cooperate to regulate mitophagy, one of the mito-
chondrial quality control mechanisms™*.

The primary pathogenic symptom of PD is the loss of DA neurons, so
the study of PD using hiPSCs focuses on DA neuronal differentiation®".
Previous studies that worked on phenotypic characterization using hiPSCs
became the platform to establish new paradigms for cellular therapeutic
techniques, drug development, and preclinical and clinical study
screening” . In hiPSC-derived DA neurons, mutant PRKN failed to
associate with PINKI, which in turn reduced dopamine vesicle endocytosis,
disrupted microtubule stability, decreased neuronal complexity, increased
spontaneous excitatory post-synaptic currents in neurons, and increased
dopamine release (although there is still no consensus on this specific point).
Mutant PINK1 increased mitochondrial DNA levels, mitochondrial oxi-
dative stress, autophagy, and mitochondrial respiration while interfering
with ubiquitin-mediated autophagy in the mitochondria and lysosomes™*.

In this study, we generated and differentiated DA neurons from hiPSCs
derived from two patients with a double mutation in their PRKN (hetero-
zygous) and PINK1 (one patient with a homozygous mutation and the other
with a heterozygous mutation) genes and compared their electro-
physiological measures to DA neurons derived from two control hiPSC
lines. Although PD is considered a movement disorder, many patients also
experience non-motor symptoms, including depression and cognitive
decline”. Changes in the hippocampus have been found that are related to
these symptoms™. Furthermore, as the hippocampus region is the brain’s
stem cell niche, previous data indicate that genetic abnormalities in PD
patients may influence adult hippocampal neurogenesis”. Therefore, we
also differentiated hippocampal neurons from the same patients and the two
controls to measure the changes in hippocampal neurons®.

We employed electrophysiological techniques to study neurophysio-
logical changes in DA and hippocampal neurons derived from PD patients.
We found that PINKI and PRKN mutant DA neurons showed increased
synaptic activity compared to control neurons. This finding was in contrast
to all our measurements in DA neurons derived from patients with other
mutations and sporadic PD*'. Interestingly, the patient DA neurons har-
boring the homozygous PINKI mutation (with heterozygous PRKN)
showed a more severe abnormality than the patient DA neurons harboring
the heterozygous PINKI mutation (with heterozygous PRKN), suggesting
the importance of the mutant gene dosage. Additionally, while in our pre-
vious study*, the reduction in synaptic activity was accompanied by down-
regulation of genes related to the brain extracellular matrix (ECM) and focal

adhesions, in this study we saw an up-regulation of these pathways, sug-
gesting a connection between the expression of genes from the ECM and
focal adhesion pathways and synaptic activity. The hippocampal dentate
gyrus (DG) granule neurons derived from the patients with the PINKI and
PRKN mutations showed a different phenotype, suggesting that PD may
have a different effect on neurons from different brain areas.

Results

DA neurons from patients with PINK1 and PRKN mutations
exhibited alterations in their sodium and potassium currents
compared to healthy controls

Our study included two hiPSClines derived from healthy controls (a 71-year-
old male and a 53-years old male) and two PD hiPSC lines that were derived
from patients with PINKI and PRKN mutations: a 48-year-old patient
(female) with a homozygous PINKI and heterozygous PRKN mutation and a
75-year-old patient (male) with a heterozygous PINKI and heterozygous
PRKN mutation (Supplementary Table 4 gives detailed information about
mutations). We differentiated these hiPSCs into DA neurons (see Materials
and Methods) and examined the intrinsic characteristics and synaptic activity
of the neurons using a whole-cell patch clamp.

A total of 58 control and 41 PINKI and PRKN mutant neurons (23
neurons from the homozygous PINKI patient and 18 neurons from the
heterozygous PINKI patient) were patched between 7 and 10 weeks post-
differentiation. Figure 1o shows immunostaining with MAP2 (red), which
marks mature neurons, and tyrosine hydroxylase (TH green), which marks
dopaminergic neurons along with DAPI. Supplementary Fig. 3a shows the
percentage of TH + /MAP2+ neurons (90.5 + 2% in controls and 90 + 4%
in PINK1 and PRKN mutant neurons) and also the percentage of GIRK2 + /
MAP2+ neurons (82 +4% in controls and 81 +4% in PINKI and PRKN
mutant neurons). Supplementary Fig. 3b shows the percentage of astrocytes
(5+ 1% in control cultures, 7 + 4.5% in PINKI and PRKN mutant cultures
stained by GFAP) in our DA neurons culture. Figure la, b show a repre-
sentative picture of evoked potentials in a control neuron and a PINKI and
PRKN mutant neuron. The total number of evoked potentials in the first 32
depolarization steps (see Methods) was not significantly different in the
PINKI and PRKN neurons compared to the control neurons (Fig. 1c).
However, when we analyzed the recordings from the neurons with the
homozygous and heterozygous PINKI mutation (and a PRKN mutation)
separately, we found that the homozygous line had a significantly larger
number of evoked potentials compared to the control (Supplementary Fig.
2a, homozygous PINKI mutant vs. control p = 0.03). This finding provides
evidence that the homozygous mutation that also causes an earlier disease
onset (see Methods) has more severe phenotypes. Figure 1d, e shows an
example of a single evoked potential of control and PINKI and PRKN
mutant neurons. The fast AHP (Afterhyperpolarization) (5 ms, see Meth-
ods) was not significantly different in PINK1 and PRKN mutant neurons in
comparison to the control neurons (Fig. 1f). The spike amplitude and spike
threshold were not significantly different in PINKI and PRKN mutant
neurons compared to control neurons (Fig. 1g, h). The cell capacitance was
significantly higher in PINKI and PRKN mutant neurons compared to
control neurons (Fig. 1i, p <0.0001). Figure 1j, k shows examples of the
sodium and potassium currents recordings obtained in the voltage-clamp
mode of control and PINKI and PRKN mutant neurons, respectively. The
sodium currents (between —20mV to 0mV, see Methods) were sig-
nificantly decreased (Fig. 11, p = 0.0025) in PINKI and PRKN mutant neu-
rons compared to control neurons. In contrast, both the fast potassium and
slow potassium currents were significantly larger (between 40 mV to 80 mV)
in PINKI and PRKN mutant neurons compared to the control neurons (Fig.
Im, p =0.08 and 1(n), p =0.012) with 1-way ANOVA analysis.

Increased synaptic activity was observed in DA neurons derived
from PD patients with PINK1 and PRKN mutations compared to
control neurons

Next, we compared the synaptic activity between control and PINKI and
PRKN mutant neurons. Figure 2a, b shows examples of excitatory post-
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Fig. 1 | Patient-derived DA neurons exhibited increased potassium currents
compared to control neurons. A representative evoked action potential trace in (a)
control DA neurons and (b) DA PINKI and PRKN mutant neurons. ¢ The total
evoked potential was not significantly different between control and PINKI and
PRKN mutant neurons. A representative picture of the spike shape of (d) control and
(e) PINK1 and PRKN mutant neurons. f The 5 ms AHP was not different in neurons
derived from PD patients with PINKI and PRKN mutations compared to control
neurons. g The spike height was significantly smaller in neurons derived from PD
patients with PINKI and PRKN mutations compared to healthy controls. Other
spike shape features, i.e., h spike threshold and i capacitance, were not significantly
different between patient-derived DA neurons and control neurons. Representative
recordings of sodium and potassium currents in (j) control neurons and (k) PINK1
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TH
and PRKN mutant neurons. 1 Sodium current, m fast potassium currents, and n slow
potassium currents were significantly increased in patient-derived DA neurons
using a one-way ANOV A analysis. 0 DA neurons were characterized in culture using
immunohistochemistry; Tyrosine Hydroxylase (TH) (green) specifically marks DA
neurons in the culture (Scale bar 50 pum), DAPI (blue) stains nuclei, and MAP2 (red)
marks neurons. The percentage of TH-positive neurons out of the MAP2-positive
neurons is shown in Supplementary Fig. 3a and was 90.5 + 1.9 in controls and
90 +4.2% in PINK1 and PRKN mutant neurons. Unless otherwise noted, the error
bars in this and the following figures indicate the standard error. Asterisks in this
figure denote statistical significance as indicated by the following codes: *p < 0.05,
#¥p < 0.01, ¥F¥p < 0.001, ¥¥¥p < 0.0001.
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Fig. 2 | Patient-derived DA neurons exhibited increased synaptic activity com-
pared to control neurons. Example recordings of EPSCs in (a) control DA neurons
and (b) DA PINKI and PRKN mutant neurons. ¢ EPSC average amplitude was
significantly larger in PINKI and PRKN mutant neurons compared to control
neurons. d DA PINKI and PRKN mutant neurons showed significantly increased
EPSC rates compared to control neurons. e The cumulative distribution of EPSC
amplitudes was right shifted for PINKI and PRKN mutant neurons, indicating
higher EPSC amplitudes than for control neurons. f Dysregulated pathways in
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PINKI and PRKN mutant DA neurons compared to healthy controls at 7-8 weeks
post differentiation. Signaling network analysis with the top enriched KEGG
pathways for the PINKI and PRKN patient-derived neurons compared to the con-
trols shows that the top dysregulated pathways for this double mutation are “ECM
receptor interaction” and “Focal adhesion.” The red circle indicates a significantly
up-regulated gene and the green indicates a significantly down-regulated gene
(FDR < 0.05). Asterisks in this figure denote statistical significance as indicated by
the following codes: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

synaptic currents (EPSCs) in control and PINKI and PRKN mutant neu-
rons. The mean amplitude of EPSCs was significantly increased in PINKI
and PRKN mutant neurons compared to the control neurons (Fig. 2c,
p=0.04). In addition, the EPSC rate was significantly increased in PINK1
and PRKN mutant neurons compared to control neurons (Fig. 2d,

P =0.001). Further, when we separately analyzed the synaptic activity of the
homozygous and heterozygous PINKI mutant neurons, we found that the
homozygous PINKI mutant neurons had a more increased EPSC rate
(homozygous PINKI mutant vs. control: p=0.0002, control vs. hetero-
zygous PINKI mutant: p = 0.02, Supplementary Fig. 2b) and also increased
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EPSC amplitude (homozygous PINKI1 mutant vs. control: p =0.01, Sup-
plementary Fig. 2c) compared to control neurons. The EPSC rate was not
significantly different between the heterozygous PINKI mutant and control
neurons (Supplementary Fig. 2b). Figure 2e shows the cumulative dis-
tribution of EPSC amplitude of PINKI and PRKN mutant and control
neurons. The cumulative distribution of PINK1 and PRKN mutant neurons’
EPSC amplitude was right-shifted compared to control neurons, indicating
higher EPSC amplitudes.

ECM and focal adhesion genes are upregulated in PINK1 and
PRKN mutant neurons compared to healthy controls

RNA was extracted from DA neurons derived from two PINKI and PRKN
mutant PD patients and two control individuals, and gene expression dif-
ferences were analyzed. There were a total of 1834 differentially expressed
genes (DEGs); specifically, 1,150 upregulated and 684 downregulated genes
were identified in the PINKI and PRKN mutant DA neurons compared to
healthy controls (Supplementary Table 2a—c) (|log2 fold change|> 1.1,
FDR < 0.05). When examining just the homozygous mutation, there were
677 upregulated genes and 438 downregulated genes; in total, there were
1115 DEGs found in the homozygous PINKI mutant DA neurons com-
pared to healthy controls (Supplementary Table 3a—c). The signaling net-
work analysis with the top enriched KEGG pathways for the PINKI and
PRKN mutant DA neurons compared to the controls is presented in Fig. 2f.
The ECM receptor interaction and focal adhesion pathways were sig-
nificantly upregulated pathways in PINK1 and PRKN mutant DA neurons
(supplementary Table la) compared to healthy controls, whereas these
pathways were significantly dysregulated in homozygous PINKI mutant
DA neurons (supplementary Tig. 2d, supplementary Table 1b). In the Gene
Ontology (GO) enrichment analysis, significant upregulation was found in
the extracellular matrix structural constituent molecular function in both
homozygous and heterozygous PINKI and PRKN mutant DA neurons
(Supplementary Table 1c, d). Concurrently, a substantial upregulation was
also observed in several cellular components associated with the ECM in
PINK1 and PRKN mutant as well as in the homozygous PINKI mutant DA
neurons (Supplementary Table le, f). The ECM receptor interaction
pathway is involved in the regulation of synaptic plasticity*>*’. The focal
adhesion proteins maintain the adhesion of brain cells to the ECM and are
essential for neuronal migration and neurogenesis***". Additionally, many
biological procedures related to brain development and neurogenesis were
significantly downregulated in GO enrichment analysis of combined PINK1
and PRKN mutant as well as only homozygous PINKI mutant DA neurons
(Supplementary Table 1g, h).

Hippocampal neurons derived from patients with the PINK1 and
PRKN mutations are hypoexcitable with reduced synaptic
activity

We next differentiated hippocampal neurons from the PD patients with the
PINK1 and PRKN mutations and performed electrophysiology to compare
them to healthy controls. A total of 13 control and 18 PINKI and PRKN
mutant hippocampal neurons were patched at the first time point, 29
control and 20 PINKI and PRKN mutant hippocampal neurons at the
second time point, and 12 control and 10 PINKI and PRKN mutant hip-
pocampal neurons at the third time point. Figure 3p shows immunostaining
for hippocampal neurons using MAP2 (red) to mark mature neurons and
PROXI1 (green) to mark DG granule neurons along with DAPI in blue.
Supplementary Fig. 3¢ shows the percentage of PROX1 + /MAP2+ neu-
rons in immature cultures (first-time point|) (73 + 2.5 in control immature
neurons and 73.5 + 6 in PINKI and PRKN mutant immature neurons) and
also shows the percentage of PROX1+/MAP2+ neurons in mature cultures
(second-time point) (70 £2.5 in control mature neurons and 73 +7 in
PINK1 and PRKN mutant mature neurons). Figure 3a, b presents a repre-
sentative image of evoked potentials in control and PINKI and PRKN
mutant hippocampal neurons at the second time point. The total number of
evoked potentials in the first 30 depolarization steps was not significantly
different in control and PINK1 and PRKN mutant hippocampal neurons

(Fig. 3¢). Figure 3d, e shows representative traces of EPSCs in control and
PINK]I and PRKN mutant hippocampal neurons. The average amplitude of
EPSCs per recorded cell was significantly lower in PINK1 and PRKN mutant
hippocampal neurons compared to control neurons at the second time
point (Fig. 3f, p = 0.0056); there was no significant difference at earlier and
later time points (Supplementary Fig. 1c, i). The rate of synaptic events was
decreased in PINKI and PRKN mutants compared to control neurons at the
second time point (Fig. 3g, p = 0.0055, using the Mann-Whitney test) and
the first time point (Supplementary Fig. 1b); whereas the synaptic rate was
not different at the third time point (Supplementary Fig. 1h). The cumu-
lative distribution of the amplitudes of EPSCs in PINKI and PRKN mutant
hippocampal neurons was shifted towards the left compared to control
neurons, indicating smaller amplitudes at the second time point (Fig. 3h);
there was no shift at the first and third time point (Supplementary Fig. 1d,j).
Figure 3i, j shows representative traces of an action potential of control and
PINK1 and PRKN mutant hippocampal neurons. The fAHP (5 ms, see
Methods) was not significantly different between control neurons and
PINK1 and PRKN mutant hippocampal neurons at the second time point
(Fig. 3k). However, PINKI and PRKN mutant hippocampal neurons had
decreased fAHP compared to control neurons when they were in the early
maturation period (first time point) (Supplementary Fig. 1a); it was not
significantly different when they matured (third time point, Supplementary
Fig. 1g). Figure 31, m represents the traces of the sodium and potassium
currents acquired in the voltage-clamp mode of control hippocampal and
PINK1 and PRKN mutant hippocampal neurons, respectively. PINKI and
PRKN mutant hippocampal neurons that were recorded at the second time
point post-differentiation did not show any significant differences in
sodium or potassium currents (Fig. 3n, o).

PINK1 and PRKN mutant hippocampal neurons had slightly reduced
slow potassium currents at the first time point (not significant, Supple-
mentary Fig. le). However, the slow potassium current was significantly
increased in PINKI and PRKN mutant hippocampal neurons compared to
control neurons at the third time point (p = 0.03, Supplementary Fig. 1k). In
addition, the sodium current was significantly decreased in PINKI and
PRKN mutant hippocampal neurons at the first time point (p =0.0002,
Supplementary Fig. 1f) but significantly increased in PINKI and PRKN
mutant hippocampal neurons compared to control neurons as they
matured (third time point, p = 0.0003, Supplementary Fig. 11).

DG hippocampal neurons derived from patients with the PRKN
and PINK1 mutations demonstrated an increased rate of calcium
transients compared to control neurons

We also measured the calcium transients (see Methods) in DG hippocampal
neurons derived from healthy individuals and PINKI and PRKN mutant
patients. Figure 4a shows a fluorescent image of control hippocampal
neurons after incubation with fluo-5 calcium indicator. Figure 4b shows
calcium transient activity (fluorescence intensity in different regions of
interest (ROIs) corresponding to the ROIs in Fig. 4a. We observed very
synchronous activity between some neurons in a few recordings of het-
erozygous PINKI mutant neurons. To obtain a measure of the connectivity,
we calculated the mean correlation (See Methods) between neurons and
compared the top five ROIs with the most correlated neurons to compare
the heterozygous PINKI mutant and control neuronal networks. The mean
correlation was significantly increased in heterozygous PINKI mutant
neurons compared to control neurons (Fig. 4e, p = 0.035). Figure 4c, d shows
an illustration of the correlation heat maps of the most correlated neurons in
control and PINKI and PRKN mutant neuronal networks. Figure 4f, g
represents fluorescent images of control PINKI and PRKN mutant hippo-
campal neurons. These results indicate that, at the second time point, the
PINKI and PRKN mutant neuronal network was more connected and
synchronized than the control neuronal network.

Additionally, we found that some neurons exhibited high-
frequency firing in the heterozygous PINKI mutant neuronal net-
works. Therefore, we compared the power spectral density (PSD) of the
five areas with the highest average frequency in the control and

npj Parkinson’s Disease| (2024)10:103



https://doi.org/10.1038/s41531-024-00715-0

Article

a b c
Patient 80—
@ 60—
o
=
& 40—
=
°
= 20—
s S 0-
Controls Patients
d e f g * %
Control Patient * *
0 0 e 105 0.8
’ 7 <
£ 8 _
-100 -100 (] £ 0.6
° E
T 3 3 o s
o ; 0.4
-200 -200 E 4o 2
w
9 24 0.2
-300 -300 @
0 20 40 60 0 20 40 60 w
time(s) time(s) 0= ] 0.0-
Controls Patients Controls Patients
h i j
cumulative distribution Control Patient
Ml L ol )L © ©
08t | “
067 | /\ '
|/ Controls 2o | Zo
0471 | — Patients / \
I ” »
0.2 }‘ J \\'——;,, . = -
0 ) 40 S 40
0 20 40 60 80 100 50 — %0 -
pA
k 10~ AHP5ms | Control m Patient
50 /[*\\,
0 ~
/C
s
t -10— <\é_ 0
-20—
-50
0.41 0.44 0.48 0.41 0.44 0.48
BT i i
Controls Patients e e
n o p
70 70
—3—controls ‘id
u 60 atients <60
%50 Esn
S 40 340
§ 30 é 30
£ I3
% 20 § 20
10 5 10
0 ¢ 0

-100 -60 -20 20

test potential mV

60 100

heterozygous PINKI mutant neuronal network. Figure 4h, i presents
control and heterozygous PINKI mutant neurons with a high calcium
transient event frequency. We calculated the ratio of area under the PSD
curves of these fluorescent signals for the entire frequency spectrum
divided by the higher frequency component (see Methods). Hetero-
zygous PINKI mutant neurons had a significantly higher ratio com-
pared to control neurons (Fig. 4j, p=0.01), which shows that the
heterozygous PINKI mutant neuronal networks are fast oscillatory
behaving neurons compared to the control neuronal network.

test potential mV
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: DAPI :: MAP2

We performed calcium imaging at two different time points for hip-
pocampal neurons. Figure 4k, m shows illustrative calcium transient time
series plots for control and PINKI and PRKN mutant neurons at two dif-
ferent time points. Figure 4k, 1 corresponds to 2-4 weeks post-
differentiation. Figure 4m, n corresponds to 6-7 weeks post-
differentiation. The dynamics of calcium waves in astrocytes are usually
reported as being very slow in nature***. We used these dynamics to classify
astrocyte activity in the culture (see Methods). Astrocytes’ average fluor-
escence ratio (see Methods) was increased for control neurons compared to
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Fig. 3 | Patient-derived hippocampal neurons possessed reduced excitatory post-
synaptic activity compared to healthy controls. Representative evoked action
potential traces in (a) control hippocampal neurons and (b) hippocampal PINK1
and PRKN mutant neurons. ¢ The total number of evoked potentials was not sig-
nificantly different between control and PINKI and PRKN mutant neurons.
Example recordings of EPSCs in (d) control hippocampal neurons and (e) hippo-
campal PINKI and PRKN mutant neurons. f The EPSC amplitude was significantly
reduced in PINKI and PRKN mutant neurons compared to control neurons.

g Hippocampal PINKI and PRKN mutant neurons showed significantly reduced
EPSC rates compared to control neurons. h The cumulative distribution of EPSC
amplitudes showed that EPSC amplitudes of PINKI and PRKN mutant neurons
were left-shifted compared to control neurons, indicating smaller EPSC amplitudes
in hippocampal PINKI and PRKN mutant neurons. A representative trace of the
spike shape of (i) control and (j) PINK1 and PRKN mutant neurons. k The 5 ms AHP
was not significantly different in PINK1 and PRKN mutant neurons compared to

control neurons. Representative recordings of sodium and potassium currents in (1)
control neurons and (m) PINKI and PRKN mutant neurons. n Fast potassium
currents and o slow potassium currents were not significantly different in patient-
derived hippocampal neurons compared to controls. p Characterization of hippo-
campal neurons in culture with immunohistochemistry. PROX1 (blue) marks
dentate gyrus granule neurons (Scale bar 30 um). The percentage of PROX1-positive
neurons out of the MAP2 positive neurons in immature and mature cultures is
shown in Supplementary Fig. 3c and was (73.30 + 2.49 in control immature neurons
and 73.54 + 5.66 in PINKI and PRKN mutant immature neurons. In the mature
neurons (second time point), the percentage of PROX1-positive neurons was
70.08 + 2.46 in control mature neurons and 72.86 + 6.73 in PINK1 and PRKN
mutant mature neurons. Asterisks in this figure denote statistical significance as
indicated by the following codes: *p < 0.05, **p < 0.01, ***p < 0.001,

HHHED < 0,0001.
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Fig. 4 | Calcium transient activity was increased and more synchronized in
hippocampal neurons harboring PINKI and PRKN mutations compared to
healthy controls. a A sample video frame of a calcium imaging recording. Red marks
represent neurons marked as the region of interest. b The corresponding fluores-
cence time series plot for all marked neurons in a. An example heatmap of the mean
correlation value of area recorded area from (c) control hippocampal DG granule
neuron network and (d) hippocampal DG granule neuron network with PINK1 and
PRKN mutation. e The average correlation in the top correlated areas (see Methods)
of hippocampal DG granule neuron cultures with PINKI and PRKN mutations was
larger compared to control neuronal culture. Representative areas of (f) control
hippocampal DG granule neurons culture and (g) hippocampal DG granule neurons
culture with PINK1 and PRKN mutation with high synchronous activity. The PINKI
and PRKN mutant neuronal cultures exhibited high synchrony. Representative
calcium transient time series plot with a high event frequency of (h) a control
hippocampal DG granule neuron and (i) a hippocampal DG granule neuron with
PINK1I and PRKN mutation. The PINKI and PRKN mutant neuronal cultures
exhibited high-frequency firing patterns. j The top 5 ratio of area under the power
spectral density curve of such fluorescent signals between the whole frequency
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spectrum and higher frequency components was larger in PINKI and PRKN mutant
neurons compared to controls. k-n A representative plot of fluorescence transients
at the first time point (k) in control neurons and (1) in PINKI and PRKN mutant
neurons. Examples for the second time point are shown in (m) for controls and (n)
for PINKI and PRKN mutant neurons. The second time point. Increased activity can
be observed in the mutant neurons, and higher synchrony can be observed in the
mutant neurons in the second time point. At the first time point of calcium imaging
(0), the average astrocytes fluorescence ratio Af/fo (see Methods) was significantly
decreased in hippocampal PINKI and PRKN mutant neurons, whereas (p) the
calcium fast transients’ event (attributed to the neurons) rate was increased in
hippocampal PINKI and PRKN mutant neurons. At the second time point of cal-
cium imaging (q), the average astrocytes fluorescence ratio Af/fo was significantly
lower in hippocampal PINKI and PRKN mutant neurons, and (r) the calcium fast
transient event rate (attributed to the neurons) was higher in neurons of hippo-
campal PINKI and PRKN mutant neurons. Asterisks in this figure denote statistical
significance as indicated by the following codes: *p < 0.05, **p < 0.01, ***p < 0.001,
XD < 0.0001.
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PINK1 and PRKN mutant neurons during the first time point of calcium
imaging (Fig. 40, p = 0.0003) and also at the second time point of calcium
imaging (Fig. 4q, p = 0.03). The calcium transient event rate in neurons was
significantly higher in hippocampal PINKI and PRKN mutant neurons at
the first time point of calcium imaging (Fig. 4p, p = 0.00006). PINKI and
PRKN mutant hippocampal neurons exhibited increased calcium transient
event rates even after maturation (second time point of calcium imaging,
Fig. 4r, p = 0.00002).

Discussion
Genetic mutations in PRKN, PARK7, and PINK1 are among the well-known
familial mutations contributing to PD*. Mutations in PINKI and PRKN*
have been causally connected to early-onset PD. Previous studies have
documented the a-synuclein-mediated pathophysiology in PD as a six-stage
process™. In stage 3 of the pathology, loss of DA neurons in the substantia
nigra causes motor symptoms (tremor, bradykinesia, and stiffness) that can
be evaluated for clinical diagnosis. During stage 4, Lewy pathology affects the
hippocampus, causing cognitive dysfunction that progresses to the cortex,
causing dementia in later stages’'. Given this clinical and pathological pro-
gression of PD, we investigated both dopaminergic and hippocampal neu-
rons differentiated from PD patient-derived hiPSCs. Initial studies on
hiPSCs of PINKI and PRKN mutations have found mitochondrial defects
and a-synuclein accumulation™. Here, we investigated the functional
properties of hiPSC-derived DA neurons from a patient with homozygous
PINKI and heterozygous PRKN mutation and another patient with het-
erozygous mutation in the PINK1 and the PRKN genes. The DA neurons of
the patients were compared to DA neurons from healthy individuals. In the
combined electrophysiological analysis of DA derived from the PD patients
(both homozygous and heterozygous PINKI mutant with heterozygous
PRKN mutation), we did not observe a significant difference in the number
of evoked action potentials in response to current stimulation compared to
healthy controls. Interestingly, when we separated the neurons derived from
the patient with the homozygous mutation in the PINK1 gene, these neurons
were significantly hyperexcitable. Importantly, the patient with the homo-
zygous mutation developed PD at a much earlier age. We further investigated
the synaptic activity in PINKI and PRKN mutant DA neurons and found
that the synaptic activity was drastically increased in the PINKI and PRKN
mutant neurons compared to the healthy control neurons. Comparing the
synaptic activity between the two PINKI and PRKN mutant lines showed
that the neurons derived from the homozygous patient had a more robust
phenotype. Supporting this finding, a previous electrophysiological study of
corticostriatal neurons in mice showed differences in synaptic plasticity of
corticostriatal neurons with a homozygous PINKI mutation and a hetero-
zygous mutation®”. In line with these findings, differences in synaptic
plasticity (both long-term potentiation and long-term depression) were
observed during whole-cell recordings in slices of a rodent model of PD with
different levels of dopamine denervation, which was induced with different
doses of 6-Hydroxydopamine hydrochloride nigrostriatal injection™.
Overall, we could detect alterations in electrophysiological properties in
PINK1 and PRKN mutant DA neurons that were distinctly stronger in the
neurons derived from the patient with the homozygous mutation. A recent
study with DA neurons derived from two patients with a PRKN mutation
showed a reduction in synaptic activity". In the current study, we observed
increased synaptic activity, which may indicate some interaction between the
two mutations in the PINKI and PRKN genes and their functional pathways.
The high synaptic activity in spiny projection neurons (SPN) has been pre-
viously shown in animal PD models™. Researchers using mice carrying the
knockin mutations LRRK2-G2019S or D2017A (kinase-dead) showed that,
compared to wild-type SPNs, G2019S SPNs in postnatal day 21 mice showed
a four-fold increase in sEPSC frequency during whole-cell recordings on
slices. Through excitotoxicity mechanisms, the high synaptic activity and
hyperexcitability of PINK1 and PRKN mutant DA neurons may contribute to
neurodegeneration and synaptic loss. A previous study observed activity-
dependent degeneration in GABAergic synapses in the hippocampal culture
from presynaptic protein knockout mice™. This elevated synaptic activity in

dopaminergic PINKI and PRKN mutant neurons seems paradoxical, as PD is
usually associated with synaptic loss*~"*. However, it is possible that
biphasic synaptic activity (initially elevated synaptic activity and then
decreased synaptic activity at a later time) alterations occur in these muta-
tions, just as previously found in Alzheimer’s disease (AD), another disease
characterized by severe neurodegeneration™, and also in autism models™*. It
is important to note that the patient with the homozygous PINKI mutation
was a female, whereas the other patient and the controls were males. Sex can
contribute to the variability in clinical presentation, disease progression, and
response to treatment in PD patients. In general, men have a higher risk of
developing PD, and some studies have shown sex differences in the clinical
features and progression of the disease”, and the differences in human
neurons derived from females and males have still not been investigated.

Furthermore, we performed transcriptomic analysis of the hiPSC-
derived DA neurons to understand the dysregulated biological pathways and
underlying mechanisms related to these double mutations. The ECM
receptor interaction and focal adhesion pathways were identified as sig-
nificantly upregulated in the DA neurons derived from the PD patients with
the PINK1 and PRKN mutations. ECM receptor proteins (e.g., integrins) have
been reported to play an essential role in developing neuronal structure and
signaling mechanisms during synaptic interaction®. Both neurodegenerative
diseases like AD and neuropsychiatric diseases, including schizophrenia,
autism spectrum disorders, and depression, have been linked to ECM protein
dysregulation® . Similarly, focal adhesion proteins are essential in linking
ECM proteins to the cytoskeletal elements” and are also known to be critical
in AD pathogenesis™. These two pathways may interact to regulate crucial
signaling mechanisms during synaptic connectivity, which relates to the
abnormal synaptic activity observed in PINKI and PRKN mutant DA neu-
rons. Dysregulation of ECM receptor proteins and focal adhesion proteins
has also been reported recently from DA neurons derived from several PD-
related mutations and sporadic patients''. Interestingly, in that study, ECM
and focal adhesion-related genes were down-regulated, and the synaptic
activity was also decreased, whereas in this study, these pathways are upre-
gulated, yet the synaptic activity is also increased. This finding suggests a link
between ECM and focal adhesion pathways and synapse formation.

In our transcriptomic analysis, 97 key mitochondrial genes such as
ACADS, AFG3L2, AMT, BID, CYP11A1, DLD, MTERF4, MTFR1, UQCC2,
MT-ND1I, and MT-ND2 were identified as differentially expressed in PINK1
and PRKN mutant DA neurons compared to healthy controls. For example,
ACADS (upregulated), which is involved in fatty acid metabolism, can
impact mitochondrial energy production®”. AFG3L2 (downregulated), a
gene associated with mitochondrial complex assembly, has implications in
mitochondrial dysfunction and has been shown to be essential for axonal
development”. Upregulation of the GLS gene, which catalyzes the conver-
sion of glutamine to glutamate’, could be linked to altered glutamatergic
signaling, potentially contributing to neuronal hyperexcitability””. In addi-
tion, excess glutamate leads to oxidative stress and neuronal injury, termed
as excitotoxicity”’. BID (upregulated), a pro-apoptotic molecule, could be
linked to mitochondria-mediated apoptosis™. MT-NDI (upregulated) and
MT-ND2 (upregulated) are mitochondria-encoded subunits of complex I,
which are essential for mitochondrial respiration, and have been linked to
neurodegeneration”. DHRS7B is downregulated and is associated with
redox homeostasis, aligning with the concept of increased oxidative stress in
these neurons. The differential expression of many such genes, exemplified
by those mentioned,, along with the observed enrichment of GO terms
related to organelles and intracellular membranes, suggests a significant
impact on mitochondrial function and integrity. The overly active PINK1
and PRKN mutant neurons probably require more energy, which in turn
activates and causes dysregulation of mitochondrial genes (or vice versa);
this in turn increases metabolic rate and oxidative stress, contributing to
neurodegeneration eventually. Our data, therefore suggest more evidence
for mitochondrial impairment as a hallmark of PD, possibly through
associations with neuronal excitability and synaptic dysfunction’.

Although PD is considered a movement disorder, many patients
experience non-motor symptoms too. As mentioned above, cognitive
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decline and depression are among the clinical symptoms observed in PD
patients during the later stages of the disease”. We found that hippocampal
neurons harboring the PINKI and PRKN mutations have impaired elec-
trophysiological properties, including reduced excitatory synaptic activity
compared to the control hippocampal neurons and higher sodium currents
in relatively mature neurons compared to the controls. The hippocampus
plays a crucial role in cognition, including learning and memory””. In mouse
models of PINKI and PRKN mutations, synaptic development and gluta-
matergic synaptic transmission were impaired in hippocampal neurons’ ™.
These alterations in synaptic activity in hippocampal neurons, as observed in
our study, may contribute to the cognitive decline observed in the patients.

Moreover, we also observed that the hippocampal neurons derived
from the patients with the PINKI and PRKN mutations had more pro-
nounced calcium transients. Aging has been shown to increase the calcium
transients in hippocampal neurons in rodent models®*’. Other studies also
suggested changes in calcium homeostasis in hippocampal neurons that
progress with aging, leading to alterations in synaptic strength (long-term
depression and long-term potentiation)®. Evidence of elevated calcium
signaling has also been demonstrated in mouse models of AD, resulting in
neurite degeneration®. Furthermore, several studies have reported the
biological role of PINKI and PRKN genes in mitochondrial biogenesis and
trafficking’"** and the alteration in mitochondrial structure in hiPSC-
derived neurons with PINKI and PRKN mutations™, Thus, we speculate
that this alteration in calcium transients observed in a hippocampal neuron
could be partly due to the effect of the mutation of PINKI and PRKN on
mitochondria, as mitochondria play a crucial role in regulating calcium
homeostasis**’. Using mice models, Heeman et al. described PINKI
depletion to be linked to a fragmentation of the mitochondrial network,
mitochondrial membrane depolarization, and an increase in reactive oxy-
gen species (ROS) production””. Thus, PINKI depletion affects mitochon-
drial metabolism, calcium homeostasis, and energy maintenance. Here, we
had a unique opportunity to measure DA and hippocampal neurons from
patients with mutations in both the PINKI and PRKN genes. The advantage
of using a double mutant model (PINKI and PRKN) is that it allows us to
explore these mutations’ synergistic or additive effects on cellular function.
On the other hand, the disadvantage of using a double mutant model is that
it may be more challenging to dissect the individual contributions of each
mutation to the observed phenotypes.

A study examining the effects of the PRKN mutation was recently
published", but further studies are needed for a single mutant model of the
PINK1 gene to understand its distinct roles in the development and pro-
gression of PD. Increased calcium has been suggested to activate the calpain-
mediated signaling pathways, which could affect learning and memory*,
and is also likely to indicate functional changes in hippocampal neurons
before the appearance of neurodegeneration.

A few limitations should be noted for our study. The patients and
controls have different genetic backgrounds, which may cause baseline dif-
ferences between the samples. We utilized iPSC lines derived from two
patients, one with a heterozygous and one with a homozygous PINKI
mutation, both carrying a heterozygous PRKN mutation. When pooling these
samples together, we can be more confident of the reported phenotypes, and
it is essential to note that when evaluating the effects of the homozygous and
heterozygous PINK1 mutations separately, each mutation type is represented
by a single sample. This distinction is crucial for interpreting our findings, as
the unique genetic backgrounds and mutation types may influence the
observed phenotypes. Therefore, conclusions drawn from our study should
be considered with the understanding that further validation in a larger, more
diverse cohort is necessary to generalize these results more broadly.

Furthermore, it is critical to consider the influence of sex and age on our
study’s outcomes. Our sample includes individuals of different age and sex,
factors known to influence PD pathology and response to treatments.
Notably, the patient samples were collected at the time of disease diagnosis,
introducing a diversity in age and potentially in disease progression stages.

However, the application of iPSC technology in our study offers a
unique advantage in addressing age-related variations. The process of

reprogramming somatic cells into iPSCs is known to ‘rejuvenate’ the cells,
effectively erasing age-related epigenetic markers®. This rejuvenation ren-
ders iPSC-derived neurons comparatively young, regardless of the donor’s
age at sample collection. This aspect is pivotal, as it suggests that the neurons
derived from these iPSCs reflect a baseline state, minimizing the direct
impact of age or environmental influence on our observations. Indeed,
research has demonstrated that iPSC-derived neurons, regardless of the
donor’s age, exhibit similar gene expression profiles, electrophysiological
properties, and phenotypic characteristics, supporting the robustness of this
approach for modeling diseases like PD across a broad age range*”.

While this technology provides a critical tool for reducing variability
associated with donor age, the inherent genetic diversity and the presence of
heterozygous versus homozygous mutations necessitate a cautious inter-
pretation of our findings. Each genetic configuration—coupled with the
individual’s sex—may contribute uniquely to the disease phenotype,
underlining the importance of considering these factors when extrapolating
our results to broader populations. Consequently, our study emphasizes the
need for further investigation in more extensive, genetically, and demo-
graphically diverse cohorts to validate and extend our findings.

Additionally, as shown in Supplementary Fig. 3a, most of the neurons
in the DA neuronal cultures were positive for TH (Tyrosine hydroxylase)
(~90%), showing that they are DA neurons, and most of the neurons in the
hippocampal cultures were positive for PROXI, showing that they are
dentate gyrus granule hippocampal neurons (~70%). However, it is
important to note that whole-cell patch-clamp experiments were performed
on neurons based on their morphology (typically the larger neurons), but we
did not have a reporter for the type of neuron that the experiment was
performed on (RNA sequencing and whole-cell patch-clamp).

In conclusion, we conducted the first detailed functional study of
dopaminergic and hippocampal neurons in hiPSC-derived neurons from
PD patients with PINKI and PRKN double mutations and found alterations
in electrophysiological properties as well as calcium homeostasis. These
findings are also consistent with clinical symptoms found in PD patients and
provide an exciting opportunity to use such hiPSC-based PD models as a
preclinical drug-screening platform.

Methods

Ethics statement

The patients and healthy controls who participated in the study provided
written informed consent. Ethics approval for the experiments in the study
were obtained from the University of Haifa, reference number 282/22. Age
and sex details for all cell lines utilized in this study are provided in Table 1.

iPSC generation

Skin biopsies were obtained and dissected to obtain human dermal fibro-
blasts. They were cultured in DMEM containing L-glutamine, 15% fetal
bovine serum, NEAA, and sodium pyruvate with half of the media being
replaced every two days’”'. Once the cells were confluent, they were tryp-
sinized and 5 x 10° cells were subjected to transduction under feeder-free
conditions using Yamanaka’s reprogramming factors from the CytoTune®-
iPSC2.0 Sendai Reprogramming Kit, Life Technologies, A16517. When the
iPSC colonies reached a size suitable for picking, they were transferred onto
geltrex-coated plates’. The pluripotency of the colonies was then confirmed
through immunocytochemistry using TRA-1-60, SSEA4, Nanog, and
OCT4 antibodies as shown in Supplementary Fig. 5.

DA neuron differentiation

To generate in vitro midbrain DA neurons, we employed a previously
reported protocol”>. HiPSCs obtained from two PINK1 and PRKN patients
and two healthy controls were grown until they became ~80% confluent.
Accutase (AT104, Innovative Cell Technology) and trypsin inhibitor
(10109886001, Sigma-Aldrich) were used to dissociate hiPSCs into a single-
cell suspension, and the cells were then replated on matrigel-coated plates in
mTesR plus media at a density of 40,000 cells/cm’ (Stem Cell Technologies).
Cells were allowed to proliferate for two days with a daily media change.
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Table 1 | Description of patient-derived and control iPSC lines

Line Type Sex Age Data used Mutations

iPSCDAneurons4 Control Male 43 RNA seq NA

iPSCDAneurons30 Control Male 71 RNA seq, Ephys NA

JEA16 Control Male 53 Ephys NA

Red ion PD patient Male 75 RNA seq, Ephys PARK2 R275W/WT + PINK1 p.Try90Leu fs*12/WT

PP1 PD patient Female 48 RNA seq, Ephys homozygous PINK1 p.Try90Leufsx12+ het PARK2 Arg275Trp in

exon7

This table provides the details (age and sex) alongside the genetic characteristics of the patients and controls in the study. The mean age of control individuals was 56 + 8 years (standard error). The mean

age of PD patients was 61 + 14 years (Standard error).

When the cells reached 70-80% confluency, the differentiation process was
initiated by transferring to KSR media (DMEM F-12 (Biological industries,
#01-170-1A) with Glutamax (35050-038, Gibco), 15% KO-SR (10828-010,
Gibco), 1% NEAA (11140035, Gibco), 0.1 mM p-mercaptoethanol
(219024280, MPB-MP Biomedicals)). The starting date of differentiation was
designated as day 0. From day 5 to day 10, the medium was changed gradually
to N2 medium (DMEM F-12 with Glutamax, 1% N2 supplement (17502-
048, Gibco)) (for day 5 and 6: 75% KSR: 25% N2; whereas for day 7 and 8: 50%
KSR: 50% N2; and for day 9 and 10: 25% KSR: 75% N2). The medium was
changed to B27 medium on Day 11 (Neurobasal medium (NB; 21103049,
Gibco), 2% B27 supplement, 1% glutamax, 10 ng/mL BDNF, 10 ng/mL
GDNF (PHC7044, Gibco), 1 ng/mL TGFB3 (100-36E, Peprotech), 0.2 mM
ascorbic acid (5088177, Biogems), and 0.1 mM cAMP (1698950, Biogems)).

Throughout the differentiation process, small molecule components
were introduced to the culture (10 M SB431542 (Cayman chemical com-
pany, #0573051-151) on days 0-4; 100 nM LDN-193189 (1066208, Bio-
gems) on days 0-12; 2 M purmorphamine (biogems, #4831086) 0.25 M
SAG (biogems, #9128694), 100 ng/mL FGF8b (100-25, Peprotech) on days
1-6; and 3M CHIR99021 (biogems, #2520691) on days 3-12). After
20-25 days, neurons were dissociated and replated onto matrigel-coated
coverslips and allowed to develop in the B27 medium until day 30. On day
30, the base medium was gradually replaced with Brainphys medium (Stem
Cell Technologies, #05790) to induce synaptic connections. The whole-cell
patch-clamp recording was performed on days 45-50.

Hippocampal differentiation

Additionally, we used a previously published strategy’” to differentiate
hiPSCs into hippocampal DG granule neurons. Similar to the differentiation
of DA neurons, hiPSCs were grown to 80% confluency. Following this,
embryoid bodies (EBs) were created by mechanically dissociating them with
dispase; then they were plated onto low-adherence plates in an mTeSR plus
media supplemented with Y-27632 ROCK inhibitor. For 20 days, the EBs
were grown in an anti-caudalizing medium comprising DMEM/F12, Glu-
tamax, B27 (without vitamin A) (12587-010, Gibco), N2, LDN-193189,
XAV939, cyclopamine, and SB431542, followed by plating onto poly-
ornithine/laminin (Sigma)-coated dishes in DMEM/F12 (Invitrogen) plus
N2, B27 (without vitamin A) and laminin. After a week, rosettes were
manually selected based on their morphology, dissociated with Accutase
(Chemicon), plated onto poly-l-ornithine/laminin-coated plates, and fed
with NPC media made up of the following ingredients: DMEM/F12, Glu-
tamax, B27 (without vitamin A), N2, laminin, and FGF2. To differentiate the
cells, ascorbic acid (200 nM), cyclic AMP (cAMP; 500 mg/ml), laminin
(1 mg/ml), BDNF (20 ng/ml), and Wnt3a (20 ng/ml) were added to the
differentiation medium for 14 days. Three weeks following the onset of the
differentiation, the base medium was switched to BrainPhys.

Immunocytochemistry

Coverslips with DA and hippocampal DG granule neurons were fixed in
warmed 4% paraformaldehyde (PFA) for 15 min. Following three washes
with DPBS, the cells were then blocked and permeabilized in a blocking
solution containing DPBS, 0.2% Molecular Grade Triton X-100, and 10%

Donor Horse Serum for 60 min. Subsequently, we incubated the cells with
primary antibodies in the blocking solution at 4 °C overnight, using the
following antibodies at the stated dilutions for DA neurons: TH (1:500) and
MAP2 (1:500), and for hippocampal neurons, PROX1 (1:4000) and MAP2
(1:500). On the next day, the coverslips were washed three times with DPBS
(5 min each), incubated with the Alexa Fluor™ secondary antibodies and
counterstained with DAPI staining solution (1:3000) for 60 min at room
temperature. Then the coverslips were washed, mounted on slides using
Fluoromount-G mounting medium (0100-01, Southern Biotech), and dried
overnight in a dark box. The fluorescence signals were detected using a
Nikon A1-R confocal microscope, and images were processed using NIS
elements 5.21 (Nikon) and microscopy image analysis software Imaris 9.8
(Oxford Instruments).

RNA extraction, sequencing, and analyses
The total cellular RNA was extracted from 3 to 5 million DA neurons per
sample that were derived from hiPSCs of two patients with PINKI and PRKN
mutations and two lines of healthy controls at 7 to 8 weeks post-
differentiation using the zymo RNA clean & concentrator kits, according to
the manufacturer’s instructions. Further, the RNA was reverse transcribed
using the high-capacity cDNA synthesis kit from AB Biosystems. The RNA-
Sequencing was performed on a NextSeq 500 sequencer. The average read
length was 150 bp, and the average number of reads per sample was 10
million. The sequencing was performed using single-end reads. The
experiment was conducted with two replicates for each of the patients and
controls. These two biological replicates were grown separately. The tradi-
tional process for RNA-Sequencing data analysis includes creating FASTQ-
format files containing reads sequenced on a next-generation sequencing
(NGS) platform. FASTQC 14 v0.11.8 was used to check the quality of the
sequenced reads, and STAR (ultrafast universal RNA-seq aligner algorithm)
was used to align them to the hg38 human genome. Following this process,
each gene’s expression level was evaluated by counting the number of reads
aligned to each exon or full-length transcript. The aligned sequences were
counted and checked for differential expressions using HTSeq, a Python
framework to work with high-throughput sequencing data, and DESeq2, a
moderated estimation of fold change and dispersion for RNA-seq data. DEGs
were determined using DESeq1 v.2.11.40.7, and the p-value was adjusted for
multiple hypotheses with the Benjamini-Hochberg procedure”, which
controls for the false discovery rate (FDR). Genes with an FDR < 0.05 and |
log2FC|>1.1 were included in the analysis. A Gene Ontology (GO) enrich-
ment testand KEGG pathway analysis were performed using expressAnalyst.
A graphical representation of the protein network pathways analysis
was constructed using nodes and edges, where each node represented a
pathway connected by the edges (lines). The size of each node is propor-
tional to the number of DEGs. An overrepresentation of GO terms and
KEGG pathway was determined by FDR <0.05. Edges between nodes
indicate gene sets that share common genes, based on an overlap coefficient
(OC) calculated by ExpressAnalyst. The OC is the average of the number of
overlapping genes divided by the size of gene set 1 plus the number of
overlapping genes divided by the size of gene set 2. An edge connects two
gene sets if the OC is 20.3. The thickness of each edge represents the number
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of genes shared between the two connected gene sets. Thicker edges denote a
greater number of shared genes.

RT PCR

In this study, quantitative Real-Time PCR (qQRT-PCR) was performed using
the QuantStudio® 3 Real-Time PCR System (AB-A28571)and the SYBR®
Green PCR Master Mix (Applied Biosystems, Catalog No. 4385612). 2 ug
RNA was reverse transcribed into cDNA using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Catalog No 4374966), fol-
lowing the manufacturer’s protocol. The qRT-PCR reactions were con-
ducted in a 20 pL mixture containing the synthesized cDNA, SYBR Green
PCR Master Mix, and specific primers for GAPDH and four other target
genes (primer sequences provided in the Supplementary Table 5). The
thermal cycling conditions included an initial denaturation at 95 °C for
10 min, followed by 40 cycles of denaturation at 95°C for 15s, and a
combined annealing and extension step at 60°C for 1min. Relative
expression levels of the target genes were quantified using the 2A(-AACt)
method, with GAPDH as an internal control. The data analysis was carried
out using Microsoft excel.

Electrophysiology

Whole-cell patch-clamp recordings were performed on DA neurons derived
from two PD patients carrying the PINKI and PRKN mutations and on DA
neurons derived from two healthy controls after 45-50 days of differentia-
tion. We differentiated the cells two to three separate times. In each time we
recorded from at least two coverslips, and from each coverslip we typically
recorded from five to seven neurons. Culture coverslips were placed inside a
recording chamber that was filled with HEPES-based artificial cerebrospinal
fluid (ACSF) containing (in mM) 139 NaCl, 10 HEPES, 4 KCl, 2 CaCl2, 10
D-glucose, and 1MgCI2 (pH 7.5, osmolarity adjusted to 310 mOsm) that
had been warmed to 37 °C. The recording micropipettes (tip resistance of
10-15 MQ) were filled with an internal solution containing (in mM) 130 K-
gluconate, 6 KCl, 4 NaCl, 10 Na-HEPES, 0.2 K-EGTA, 0.3 GTP, 2 Mg-ATP,
0.2 cAMP, 10 D-glucose, 0.15% biocytin and 0.06% rhodamine (pH 7.5,
osmolarity adjusted to 290-300 mOsm). Data were recorded at room
temperature using Clampex v11.1 with a sampling rate of 20 kHz.

Electrophysiology analysis

For hippocampal neurons, we performed whole-cell patch clamp recordings
at three different time points: two to four weeks (immature neurons, first-
time point), six to eight weeks (young neurons, second-time point), and
8-11 weeks (mature neurons, third-time point).

Total evoked action potentials

Neurons were held in current clamp mode at —60 mV with a constant
holding current. Following this, current injections were given in 3 pA stages
over 400 ms, starting 12 pA below the steady-hold current needed for
—60 mV membrane potential. A total of 38 depolarization steps were
injected. Neurons that required more than 50 pA to maintain a voltage of
—60 mV were excluded from the analysis. The total evoked action potential
is the total number of action potentials that were counted in the first 30 (for
hippocampal neurons) or 32 (for dopaminergic neurons) depolarization
steps in 400 ms recordings.

Action potential shape analysis

The first evoked action potential (that was generated with the least amount of
injected current) was used to examine the action potential shape in terms of
spike fast after-hyperpolarization (fAHP), amplitude, width, and threshold.
To compute the amplitude of the 5 ms fAHP, the difference between the
spike threshold and the membrane potential value 5 ms after the potential
returned to pass the threshold value at the end of the action potential, was
used. The spike amplitude was determined as the difference between the
highest membrane potential during a spike and the threshold. The time it
took for the membrane potential to reach 50% of the spike’s amplitude from
the ascending to descending portion was used to compute the action

potential width (Full Width at Half Maximum). The membrane potential
known as the “spike threshold” occurs when a membrane potential depo-
larizes and its slope sharply increases, producing an action potential (the first
maximum in the second derivative of the graph for voltage vs. time).

Analysis of sodium, fast and slow potassium currents

Current measurements for sodium and potassium were taken in voltage-
clamp mode. Voltage steps of 400 ms in the range of —90 to 80 mV were
produced while holding the cells at a voltage of —60 mV. The cell capaci-
tance was used to normalize currents. The cell capacitance was acquired
through a membrane test of the Clampex SW software. The maximal out-
going current that occurs right after a depolarization step, usually within a
time range of a few milliseconds, was used to calculate the fast potassium
current. The slow potassium current was taken as the current at the end of
the 400 ms depolarization phase.

The sodium and potassium current amplitudes were statistically ana-
lyzed at specific test potentials (from —20 to 0 mV for sodium current and
from 40 to 80 mV for potassium current). These specific potentials were
chosen because they represent the physiological conditions of a healthy
neuron.

Analysis of synaptic activity

In Voltage-clamp mode, synaptic activity, i.e., spontaneous EPSC, was
recorded. Currents in the patched neurons were monitored while the
neurons were maintained at —60 mV. We evaluated the amplitude and rate
of synaptic activity using custom-written Matlab code. The cumulative
distribution of EPSCs amplitude was calculated for each group. For each cell,
the rate of the synaptic activity was calculated by dividing the number of
events by the length of the recording (non-active cells were also included,
and the event rate was considered 0 for them).

Calcium imaging experiments and analyses

Calcium imaging was performed at two different time points for hippo-
campal neurons: initially at two to four weeks post-differentiation (first-time
point) and later at six to seven weeks post-differentiation (second-time point).

To observe calcium transients, neuronal cells were incubated for an
hour with 2 mM Fluo-5 AM in the ACSF, i.e., recording solution containing
(in mM) 139 NaCl, 10 HEPES, 4 KCl, 2 CaCl2, 10 D-glucose, and 1MgCI2
(pH 7.5, osmolarity adjusted to 310 mOsm). After one hour of incubation,
the culture coverslips were placed in a recording chamber filled with clean
ACSF that had been pre-warmed to 37 °C, and imaging of calcium tran-
sients was performed with a video microscopy CCD digital camera (SciCam
Pro, Scientifica). The images and data were captured and processed using a
custom-written GUI in MATLAB 9.8 (R2021a, MathWorks).

A Python script was used to analyze the time series data for the calcium
imaging recordings. Calcium transients’ dynamics were examined to dif-
ferentiate between neurons and astrocytes, which revealed unique activity
patterns between the two types of cells. The astrocytes activity was attributed
to the slow changes in calcium activity, whereas neurons showed fast
transients. To analyze astrocytes and neurons separately, it was necessary to
determine if the ROI contained an active neuron, an active astrocyte, or an
inactive cell. The dynamic differences in fluorescence time series value were
used to distinguish astrocytes from neurons.

We typically recorded 1800 frames. The frames were collected at
~10 Hz. To check the steepness of the rise of the fluorescence, we calculated
the difference between the values of two adjacent frames. The differences
Af(n) between the current and n-6 samples were calculated and normalized
by the maximum amplitude obtained over the entire recording period. If the
maximum value of normalized Af (t) exceeded the threshold of 0.05, it was
labeled as an active neuron. Signals below the threshold were attributed to
inactive cells or astrocytes.

An assessment to determine if ROIs were active astrocytes or inactive
cells was performed on those not identified as active neurons. A fluorescence
ratio (Af/f0) was calculated for every signal by dividing the signal’s max-
imum amplitude by the baseline fluorescence. The lowest value of the signal
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was attributed as the baseline of the cell. The computed ratio was then
compared to the ratio of the most active astrocyte (the astrocyte with the
highest fluorescence ratio in a particular recorded area). The signal was
considered inactive if its fluorescence ratio was less than 10% of the fluor-
escence ratio of the most active astrocyte. The remaining signals were
characterized as active astrocytes.

The activity of neurons and astrocytes

A peak detection algorithm was used to count the fast calcium transient
events of neurons. The lowest value of the signal was recorded as the baseline
of the cell. The average baseline value for all cells was calculated. In addition,
the fluorescence of the three most active astrocytes in a recording was
averaged. The data were statistically tested and analyzed in Excel using the
unpaired Student’s ¢ test (two-way).

Correlation calculations

Pairwise correlations were calculated for each ROI (one neuron), with each
ROI over 35 samples (approximately 3.5 s). A moving average filter was used
to calculate these correlations over the sampling time at each sampling
point. These correlations were summed for a quantity that represents the
correlation of the neuron with its surrounding neurons. The neurons were
sorted according to this sum, and the average of the top 10 was obtained as a
measure of synchronicity of this area in the recordings.

The power spectral density (PSD) ratio of all and high frequencies
The PSD is a valuable tool for analyzing the frequencies and amplitudes of
oscillatory neurons. After sorting the neurons based on their event counts
from selected high synchronized recordings, the PSD was calculated for each
neuron, and the ratio of area under PSD for the full spectrum and the area
under PSD for higher frequency components (greater than 0.1 Hz) was
calculated. Then we calculated the mean of this ratio (all frequencies divided
by high frequencies) for the top 10 neurons as a measure of this ratio of the
area. We compared this ratio of area under the curve for the topmost
correlated five ROIs and calculated the mean correlation according to these
chosen ROIs.

Statistical analyses

Statistical tests for electrophysiology data were performed using Clampfit-
11.1 and Matlab software (R2021a, The MathWorks Inc., Natick, MA,
2000). The p-values were calculated using a two-sample t-test (two-tailed)
unless otherwise mentioned (such as the Welch-correction test for com-
parison of the spike amplitude in DA neurons and Mann-Whitney test for
comparing evoked potential in heterozygous and homozygous PINKI
mutant). The sodium and potassium current changes were analyzed using
one-way ANOVA analysis. All data values were presented as mean +
standard error (SE). A value of p <0.05 was considered significant for all
statistical tests. For RNA sequencing analysis, the FDR-adjusted mean value
was evaluated, and a FDR < 0.05 was considered significant.

Data availability

The data used in this study are available upon request to the corresponding
author. Please contact Shani Stern at sstern@unive.haifa.ac.il for access to the
whole cell patch clamp data. The RNA sequencing data have been deposited
to the NCBI repository (BioProject accession number PRINA1054046).

Code availability
The data analysis code used in this study are available upon request to the
corresponding author.
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