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In vitro electrophysiological
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disease: challenges, advances,
and future directions
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Parkinson’s disease is the second most common neurodegenerative disorder,
characterized by the progressive loss of dopaminergic neurons in the substantia
nigra and the accumulation of a-synuclein aggregates. While significant progress
has been made in understanding the genetic and biological aspects of Parkinson’s
disease, its complex pathophysiology remains poorly understood, and current
therapeutic approaches are largely symptomatic. Advanced in vitro models have
emerged as essential tools for studying Parkinson’s disease related mechanisms
and developing new therapeutic strategies. However, the electrophysiological
characterization of neurons in these models remains underexplored. This review
highlights the importance of employing electrophysiological techniques, such as
patch-clamp recordings and microelectrode arrays, in providing critical insights into
neuronal dysfunction, synaptic impairments, and network disruptions in Parkinson'’s
disease. The aim is to summarize the key discoveries in the electrophysiological
characterization of the pathology and the related progress made in recent years,
underlying the main challenges, including the lack of standardized protocols, and the
heterogeneity of cellular sources and culture systems. Addressing these limitations
is crucial for improving reproducibility and facilitating cross-study comparisons,
allowing for a deeper understanding of Parkinson's disease pathophysiology.
By refining and standardizing electrophysiological approaches, these efforts will
enhance our understanding of Parkinson’'s disease’s underlying mechanisms,
ultimately accelerating the discovery of robust biomarkers and the development
of more effective therapeutic strategies.
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Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder,
affecting approximately 3% of the population over the age of 65 (Armstrong and Okun, 2020;
Tysnes and Storstein, 2017).

Clinically, PD is characterized not only by features such as tremor, rigidity, and
bradykinesia, but also a spectrum of non-motor manifestations that complicate its clinical
progression (Hayes, 2019; Jankovic, 2008). These multifaceted symptoms impair the quality
of life (Fasano et al., 2015) and underscore the pressing need for comprehensive research into
its underlying mechanisms. Moreover, the increasing life expectancy is contributing to a
higher incidence of neurodegenerative conditions, further emphasizing the critical need for
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effective therapeutic interventions (Abdullah et al., 2015; Hou et al,,  neural networks have emerged as invaluable tools, replicating key
2019; Poewe et al., 2017). aspects of the disease and providing platforms for both
At the molecular level, PD is linked to genetic mutations  mechanistic studies and therapeutic screening. These models
associated with a-synuclein (aSyn) aggregation in neurons (Atik etal,  allow researchers to dissect complex disease processes under
2016; Chen et al., 2022; Dong-Chen et al., 2023; Rocha et al., 2018). controlled conditions, bridging the gap between molecular
This leads to dopaminergic neuron (DNs) degeneration in the  pathology and clinical presentation. Investigating the
substantia nigra (Kamath et al., 2022; Marogianni et al., 2020) causing  electrophysiological mechanisms underlying PD pathogenesis is
dopamine deficiency and movement impairments (Bloem et al., 2021;  essential for ameliorating our understanding of the pathology and
Jankovic and Tan, 2020; Morris et al., 2024). for identifying new potential therapeutic targets (Branch et al,,
To date, L-DOPA administration (de Bie et al., 2020; Murakami ~ 2016; Tonnesen et al., 2011; Zhu et al., 2002). Increasing evidence
et al., 2023; Pirker et al., 2023) and deep brain stimulation (DBS)  suggests a close link between electrophysiological impairments
represent the most effective treatments for managing PD symptoms  and certain PD-related mutations. This indicates that these
(Beudel and Brown, 2016; Gao et al., 2020; Hariz and Blomstedt, =~ mutations may contribute to disease symptoms and progression,
2022). However, these approaches are non-curative, with L-DOPA use ~ highlighting the complex interplay between genetic factors and
often leading to long-term complications such as dyskinesias and  neuronal function.
motor fluctuations (Angela Cenci, 2014; Olanow et al., 2006; Poewe However, relatively few studies have employed electrophysiological
etal, 2017), and DBS requiring invasive brain surgery with associated  techniques to gain novel insights into the disease and substantial gaps
operative and post-operative risks (Voges et al., 2007; Volkmann et al,,  remain in understanding the electrophysiological dynamics of PD
2010). Other pharmacological options provide additional symptom  models. Addressing these gaps is pivotal for the development of
relief but are often limited by side effects (Cattaneo and Jost, 2023;  innovative therapeutic strategies and the creation of reliable predictive
Poewe et al,, 2017; Schindler et al., 2021). Despite these advances, the ~ models for disease progression. This review aims to underscore the
urgent need for refined early identification of PD and the development ~ importance of an electrophysiological approach in analyzing neural
of novel, curative therapies remains. networks affected by Parkinson’s-related mutations. It presents key
The development of in vitro models has improved our ability  findings from recent studies employing patch-clamp recordings
to investigate the molecular and functional basis of PD. Techniques  (Figure 1a) and microelectrode arrays (MEAs; Figure 1b), while also
utilizing stem cells (Kamath et al., 2022b; Nakamura et al., 2023),  addressing current challenges and future research directions in
organoids (Wulansari et al., 2021; Zheng et al., 2023), and cultured  the field.

Parkinson'’s disease in
vitro electrophysiology

a) Intracellular recording b) Extracellular recording

Patch
pipette

Pipette
solution

Cytosol

FIGURE 1
Schematical representation of Parkinson’s disease characterization leveraging in vitro electrophysiological techniques: from intracellular recordings
using patch-clamp (a) to extracellular recordings using MEAs (b).
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Investigation of intracellular and
extracellular neural activity

Patch-clamp is a highly sensitive electrophysiological technique
for studying ionic currents and membrane potentials in electrogenic
cells (Hamill et al., 1981; Hill and Stephens, 2021). It can be applied to
isolated cell cultures (Rosholm et al., 2021; Takasuna et al., 2017; Toh
et al,, 2020) or tissue slices (Segev et al., 2016; Ting et al., 2014),
offering precise control over the cellular environment and enabling
high-resolution recordings of electrical activity. Patch-clamp
experiments can be conducted in voltage-clamp or current-clamp
modes (Ghovanloo et al., 2023), where the voltage or current across
the cell membrane is controlled, respectively. One of its major
advantages is the ability to access the intracellular environment
directly, as well as to perform whole-cell measurements with
exceptional spatiotemporal precision. Due to these advantages, patch-
clamp has been extensively used to explore key electrophysiological
mechanisms in both physiological and pathological contexts. In PD
research, it serves as a crucial tool for studying the disease’s
electrophysiological manifestations in vitro.

A pivotal study by Chan et al. (2011) demonstrated that
dopamine (DA) depletion in rodent PD models downregulates
hyperpolarization-activated cyclic nucleotide-gated (HCN) channels
in neurons of the external globus pallidus (GPe), leading to a loss of
autonomous pacemaking activity. Additionally, viral restoration of
HNC channels by HNC2 delivery resulted in the recovery of
spontaneous activity of neurons of the GPe, while motor disability
caused by DA depletion was not resolved, suggesting that the decrease
in neuronal activity is a consequence of PD progression and not a
cause. These findings contribute to broader efforts aimed at
understanding how PD-associated pathological changes disrupt
neuronal excitability. Further emphasizing the importance of cellular
models in PD research, Ross et al. (2020) utilized the SH-SY5Y cell
line as an in vitro PD model, showing that the accumulation of aSyn
fibrils within cell bodies increases the action potential threshold,
significantly impacting neuronal excitability. Interestingly, they
demonstrated how inducing membrane depolarization, increasing
the extracellular concentration of K* or blocking the GABA receptor
significantly reduced the cytotoxic effect of aSyn aggregation, thus
providing a potential therapeutic target. A similar effect was
witnessed by direct current stimulation, a clinically used treatment
for reducing aSyn toxicity.

More recent advancements have leveraged hiPSCs to create
patient-specific models, enabling clinically relevant insights into
PD. Rakovic et al. (2022) employed hiPSCs-derived midbrain DNs
(mDAs) to model PD, comparing the electrophysiological properties
of tyrosine hydroxylase-positive (TH+) and -negative cells (TH-).
Their exhibit
electrophysiological properties that may contribute to their selective

findings suggest that TH + neurons unique
vulnerability in PD.

Other studies have combined hiPSCs with patch-clamp recordings
to explore PD-related mutations. Virdi et al. (2022) conducted whole-
cell voltage- and current-clamp recordings on hiPSC-derived DNs
carrying the SNCA mutation, revealing impaired electrophysiological
properties compared to isogenic controls. They demonstrated how
aSyn aggregation and calcium dysregulation are the first
manifestations of PD progression in neurons carrying the SNCA
mutation, followed by mitochondrial dysfunction and increased
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oxidative stress that led to impaired neuronal excitability. Similarly,
Do et al. (2024) demonstrated that hiPSC-derived DNs with the
GBA-N370S mutation caused early hyperexcitability in medium spiny
neurons (MSNs), suggesting potential electrophysiological biomarkers
for PD. The microfluidic platform developed in this study allowed the
precise control of neuronal connectivity between DNs and MSNs, thus
providing a suitable model for the investigation of specific
neuronal interactions.

Expanding on this approach, Smits et al. (2019) developed 3D
midbrain organoids from DNs derived from healthy donors and PD
patients carrying the LRRK2-G2019S mutation. They demonstrated
how patch-clamp can be used to record electrophysiological signals
from 3D organoids, providing a more faithful model than traditional
2D cell cultures, making them valuable alternatives for further
disease characterization.

Overall, patch-clamp techniques provide precise recordings of
electrical potentials and sub-threshold signals in single neurons but
are invasive, labor-intensive, and unsuitable for prolonged studies due
to reduced cell viability.

Compared to patch-clamp, MEAs allow non-invasive, multi-site
recordings of extracellular field potentials and spike activity with high
spatiotemporal resolution, thus enabling long-term observation of
neural networks and offering unique insights into their developmental
dynamics (Obien et al., 2015; Spira and Hai, 2013). These advantages
make MEA recordings particularly valuable for disease modeling,
drug screening, and in vitro studies of complex neural processes.
Consequently, MEAs have been extensively used to enhance the
understanding of neurodegenerative disorders (Amin et al., 2017;
O’Connell et al., 2024), including PD.

In this context, Reumann et al. (2023) developed a novel in vitro
model based on Midbrain-Striatum-Cortex Organoids (MISCOs),
which replicates key features of the dopaminergic system, including
striatal and cortical innervation. By spatially integrating ventral
midbrain, striatal, and cortical organoids, MISCOs establish
functional long-range dopaminergic connections, providing a
platform for studying dopaminergic neuron development,
maturation, and degeneration in PD research. MEA probe analysis
confirmed the functional connectivity of MISCOs. Additionally,
calcium imaging detected spontaneous intracellular calcium
transients in all three regions, while dopaminergic axons exhibited
calcium events in forebrain areas, indicating long-range connectivity.
These findings demonstrate MISCOs’ ability to model PD-related
connectivity loss and evaluate potential therapies, particularly for
connectivity restoration. Despite limitations such as the absence of
vascularization and incomplete maturation, MISCOs represent a
promising tool for investigating network dysfunctions and restorative
interventions in PD.

The study by Lin et al. (2016) provides a deeper understanding of
the molecular and functional disruptions in PD, using hiPSCs-
derived mDAs from patients carrying different PD-related mutations
to identify key molecular features of neurodegeneration. Their goal
was to unravel the common downstream signaling pathways driving
PD progression across various genetic predispositions.
Electrophysiological experiments using a 256-channel MEAs revealed
that while both wild-type (WT) and PD-derived mDAs exhibited
spontaneous action potentials, only WT neurons displayed
synchronized network firing. In contrast, PD-derived neurons,
particularly those with the LRRK2-G2019S mutation, lacked

frontiersin.org


https://doi.org/10.3389/fnins.2025.1584555
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Grasselli et al.

synchronized activity, highlighting impaired neural connectivity, a
hallmark of PD pathology. Moreover, PD neurons demonstrated
significantly reduced firing rates and active channels compared to
WT, suggesting diminished neuronal excitability and network
These deficits further validated through
pharmacological experiments showing functional NMDA and

function. were
dopamine D2 receptor responses in both WT and PD neurons,
confirming their physiological relevance. The electrophysiological
experiments indicated that PD-derived mDA neurons exhibit
significant deficits in neuronal activity and network synchronization,
suggesting that PD neurons have compromised functional properties,
which could reflect the neurodegenerative processes seen in PD.

Laperle et al. (2020) gave a significant contribution to young-onset
Parkinson’s disease (YOPD), a condition accounting for around 10%
of PD cases and typically emerging before age 50. Given that over 80%
of YOPD cases lack a family history or identifiable genetic mutations,
the study aimed to uncover its molecular mechanisms. To identify
disease-specific phenotypes and potential therapeutic targets, the
researchers differentiated hiPSCs from YOPD patients and healthy
controls into mDAs. Employing patch-clamp techniques, they
observed that YOPD neurons displayed impaired excitability,
characterized by a reduced sodium current amplitude. This deficit was
likely attributable to elevated phosphorylated PKCa levels, a negative
regulator of sodium channels, indicating broader disruptions in PKC
and PKA signaling pathways. MEA recordings further revealed a
reduction in spike frequency, highlighting a decrease in neuronal
activity and network connectivity, both crucial for dopaminergic
function. These findings support the broader hypothesis that YOPD
neurons experience diminished functional capabilities contributing
to neurodegeneration.

Expanding on the role of genetic and epigenetic influences in PD,
Woodard et al. (2014) investigated monozygotic twins discordant for
the disease, analyzing mDAs derived from hiPSCs. Through a
combination of MEA and patch-clamp recordings, they identified
impaired network activity in neurons from the affected twin, marked
by reduced spontaneous firing and an absence of synchronized
bursting, indicative of delayed or disrupted network maturation.
Patch-clamp analyses further confirmed decreased excitability in these
neurons. Interestingly, despite carrying the same GBA-N370S
mutation, the unaffected twin’s neurons exhibited normal function,
emphasizing the potential role of epigenetic and environmental
factors in PD progression.

Further exploring aSyn pathology, Valderhaug et al. (2021)
examined its impact on network function using hiPSC-derived
neuronal networks. By introducing preformed fibrils (PFFs) to model
PD pathology, they conducted MEA recordings to assess network
activity. While traditional metrics such as mean firing rate and cross-
correlation did not reveal significant differences between PFF-treated
and control networks, criticality analysis suggested a greater tendency
toward self-organized criticality (SoC) in PFF-treated networks,
potentially as an adaptive response to pathology. These findings
highlight SoC as a sensitive tool for detecting early network
alterations in PD, providing new insights into neurodegenerative
disease progression.

Building on this, Ronchi et al. (2021) investigated the
electrophysiological properties of human dopaminergic neurons
(hDNs) and their isogenic counterparts carrying the A53T aSyn
mutation (hDN-PD), linked to PD. MEA recordings revealed that
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hDN-PD neurons exhibited a reduced firing rate but an increased
burst frequency with shorter, more variable inter-burst intervals,
indicating impaired network synchronization. Despite these network
irregularities, axonal propagation velocity remained unaffected,
suggesting that PD-related dysfunction arises primarily from
intrinsic firing and synaptic alterations rather than conduction
deficits. By pinpointing specific electrophysiological disruptions, this
study offers valuable insights into PD pathology and potential
therapeutic targets.

Due to their distinct methodologies, patch-clamp and MEA
techniques offer complementary insights into the electrical activity of
Parkinsonian neural networks. Table 1 provides a comparative
summary of their respective advantages and shortcomings.

Considering their unique characteristics, patch-clamp and MEA
techniques are complementary rather than mutually exclusive (Jackel
etal., 2017).

Patch-clamp excels in detailed investigations of ion channel
dysfunction (Bednarczyk et al.,, 2021; Toh et al., 2020), synaptic
abnormalities, and neuronal excitability in PD models, for example,
examining the effects of aSyn aggregation on membrane potential
(Ross et al., 2020). In contrast, MEA is particularly valuable for
analyzing network dysfunction, abnormal synchronization, and large-
scale neuronal activity changes observed in PD, such as the loss of
connectivity in dopaminergic circuits (Reumann et al., 2023; Spira and
Hai, 2013).

In summary, patch-clamp is ideal for mechanistic studies at the
cellular level, while MEA is better suited for capturing broader
network dysfunctions over time.

TABLE 1 Comparison of features and performance of patch-clamp and
MEA techniques for the electrophysiological characterization of in vitro
neural cultures.

Feature Patch clamp Microelectrode array
(MEA)

Principle Measures ion currents Measures extracellular field
through individual ion potentials from multiple cells
channels using a glass using an array of electrodes
micropipette

Resolution High-resolution, single- Lower resolution, single-cell or
channel, membrane population-level activity
potentials, and synaptic recording
events recording

Throughput Low (recordings from High (simultaneous recording
one cell at a time) from multiple cells)

Invasiveness Invasive; requires Non-invasive; cell adhere and
membrane penetration grow on the electrodes
or tight-seal formation

Suitability for Limited due to potential = Suitable for long-term

long-term studies = cell damage monitoring of neuronal

networks (up to several weeks)

Data complexity Precise, detailed data on | Provides broader, less detailed
ion channel kinetics information on network activity

Ease of use Technically demanding; | Easier to use once electrodes are
requires expertise placed

Cost Expensive equipment Moderate to high
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Discussion

Despite substantial progress in understanding its clinical
2017),
pathophysiological mechanisms driving PD progression remain

manifestations (Tysnes and Storstein, the complex
incompletely understood. Animal models have traditionally played a
central role in PD research (Sturchio et al., 2024; Zeiss et al., 2017), but
they face significant ethical, economical, and translational limitations
(Barré-Sinoussi and Montagutelli, 2015). Conversely, in vitro models
offer a more controlled environment for studying key cellular
processes and have become essential tools for investigating disease
mechanisms and identifying therapeutic targets (Travagli et al., 20205
Vargas et al., 2019).

In vitro models for electrophysiological studies have played a
crucial role in revealing key disruptions in neuronal excitability,
synaptic dynamics, and network synchronization in PD (Kouroupi
et al.,, 2017; Negri et al., 2020; Puopolo et al., 2007). Studies using
patch-clamp and MEA techniques have identified abnormal firing
patterns, altered pacemaking activity, and deficits in coordinated
network behavior in DNs.

Recent advances in 3D culture systems, such as spheroids,
scaffold-based constructs, and organoids, have further transformed
PD modeling by better recapitulating the spatial complexity and
microenvironment of neural tissue (Abdelrahman et al., 2022).
Notably, hiPSC-derived neurons and 3D organoid models have
enabled researchers to link specific genetic mutations with distinct
electrophysiological phenotypes (Kouroupi et al., 2020). Despite these
achievements, the current body of research leaves several critical areas
insufficiently explored.

One emerging challenge is the need to capture long-term
electrophysiological adaptations in in vitro models (Monchy et al.,
2024; Xu et al.,, 2023). While current techniques effectively reveal acute
changes in neuronal behavior, chronic adaptations such as synaptic
remodeling, homeostatic plasticity, and compensatory mechanisms
remain poorly understood. Investigating these processes is essential
for understanding the progressive nature of PD, particularly in the
context of gradual DNs degeneration and its impact on network-wide
properties (Rassoulou et al., 2024). In parallel, the mechanisms
underlying pathological neuronal synchronization, especially within
the beta frequency range, a hallmark of PD, are not yet fully
understood. Investigating how intrinsic neuronal properties and
synaptic interactions drive these abnormal oscillations in controlled
in vitro settings could yield valuable insights into disease
pathophysiology (Viegas et al., 2023).

Adding further complexity, the integration of multi-scale
electrophysiological techniques with calcium imaging has provided a
more comprehensive perspective on PD-related dysfunction
(Beccano-Kelly et al., 2023). For example, studies have demonstrated
that knocking down Homerl in DNs significantly reduces calcium
overload following MPP*-induced injury, highlighting calcium
dysregulation as a critical factor in PD pathology (T. Chen et al,,
2013). Similarly, research using hiPSC-derived PD models carrying
the p.A53T mutation has revealed increased spontaneous calcium
transients associated with morphological and synaptic deficits,
suggesting that early disruptions in calcium signaling may contribute
to disease onset (Zygogianni et al., 2019). This integrative approach,
which links subcellular events with broader network interactions,
underscores the importance of multi-modal investigations in
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developing a complete picture of neuronal dysfunction in PD. In this
regard, a compelling example integrating MEA with imaging explores
the influence of specific factors on Parkinson’s disease, focusing on
neural activity and potential biomarkers (Ozgun et al., 2024). To
achieve this, the study utilized calcium imaging to demonstrate
spiking synchronicity between organoids, confirming functional
connectivity. MEA recordings validated a robust response to the
dopamine neurotoxin 6-OHDA, highlighting the potential of this
technology to study PD’s dysfunctional dopaminergic network.
Through these methodologies, the study identifies critical differences
in neuronal behavior associated with Parkinson’s, potentially revealing
biomarkers or therapeutic targets for improved diagnosis and
treatment strategies.

Complementing these technical advancements, the dynamic
modulation of dopaminergic tone by neuromodulators offers another
promising avenue of research. Although in vitro systems provide the
controlled environments necessary for systematic pharmacological
manipulations, a deeper exploration into how these neuromodulatory
influences affect both the intrinsic properties of dopaminergic
neurons and their synaptic connectivity is essential (Cole et al., 2022).
Such studies will refine our understanding of therapeutic impacts on
electrophysiology and network stability. Moreover, while specific PD
mutations have been associated with distinct electrophysiological
changes, a systematic analysis of genetic and epigenetic interactions
across diverse models is still lacking. Comparative studies could
illuminate common and divergent electrophysiological markers that
serve as robust biomarkers for disease progression and treatment
response, ultimately guiding the development of targeted interventions.

To assist in improving both the quantity and quality of information
extracted from electrophysiology, as well as the multi-modal
integration of data, artificial intelligence (AI) could come into play
(Freestone et al., 2017; Ng et al., 2022). AI can streamline the analysis
of complex in vitro recordings, such as patch-clamp and MEA data.
Deep learning models, like the densely linked bidirectional long short-
term memory model, which achieved 99.6% accuracy in PD
classification using EEG data (Obayya et al., 2023), could be adapted
to detect subtle neuronal firing patterns or synaptic dysfunction. Al
can also identify PD-specific signatures in electrophysiological data,
accelerating the characterization of disease phenotypes and advancing
diagnostic and therapeutic strategies.

Beyond signal analysis, AI plays a crucial role in biomarker
detection and multi-modal data integration (Siontis et al., 2021;
2023).
electrophysiological, molecular, genetic, and imaging data, offering

Winchester et al, Al-driven models can combine
deeper mechanistic insights into PD pathophysiology (Gupta et al.,
2023). Hybrid Al approaches, such as those integrating radiomics and
deep learning, highlight the potential of merging diverse data streams
for more accurate disease detection (Otero-Losada et al., 2025). In
vitro, Al can correlate electrophysiological abnormalities with aSyn
aggregation, allowing for a systems-level understanding of
disease progression.

Further complicating the landscape is the heterogeneity of cellular
sources used in PD research (Ferrari et al., 2020). Immortalized cell
lines, primary neurons, and hiPSCs all have advantages and
limitations. While cell lines offer ease of culture and reproducibility
(L. Gao et al,, 2016; Lopes et al., 2017; Presgraves et al., 2003), they
lack the genetic relevance of patient-derived cells. Primary neurons
offer high physiological fidelity (Garcia-Munoz et al., 2015; Masuko
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etal,, 1992; Weinert et al., 2015) but are limited by their variability and
differences between murine and human phenotypes (Ferrari et al.,
2020). In contrast, hiPSCs provide patient-specific genetic
backgrounds and the ability to generate disease-relevant neuronal
subtypes, making them a promising tool for personalized medicine
(Nguyen et al., 2011; Sanchez-Danés et al., 2012; Soldner et al., 2011).

However, the variability in methodologies and conditions across
different studies presents significant limitations, making it difficult to
draw consistent conclusions and compare studies. The necessity for
standardization is crucial, as it ensures the generation of more reliable,
reproducible and comparable results (Kili¢ and Yilmaz, 2024; Reyes
et al.,, 2024). Standard protocols should be cost-effective, robust,
consistently reproducible, and easy to implement to ensure broad
applicability. By establishing universal experimental protocols,
researchers can enhance scientific validity and accelerate the
translation of in vitro findings into clinical applications. A possibility
would be to develop standard protocols for electrode placement (in
the case of patch-clamp studies), cell seeding density over the
electrodes area (for MEAs recordings), stimulation parameters, and
data acquisition. The implementation of standardized data processing
and analysis methods is necessary to compare results across studies,
as well as harmonizing cell and tissue models. Additionally, the use of
open data repositories facilitates transparency and large-scale
validation. These measures collectively promote the robustness and
translational applicability of electrophysiological studies, not only in
PD research.

Future studies should also focus on incorporating other cell types,
such as astrocytes, microglia, and oligodendrocytes, into co-culture
systems or organoids to capture the complex cellular interactions
driving PD pathophysiology (Reumann et al., 2023). The contributions
of neuroinflammation and glial-mediated synaptic modulation are
likely critical in shaping electrophysiological outcomes (Hindeya
Gebreyesus and Gebrehiwot Gebremichael, 2020; Wang et al., 2021).
Moreover, even though organoid-based models have led to remarkable
advancements, as previously discussed in this review, they are still
rarely used for the electrophysiological study of PD.

In conclusion, in vitro models for electrophysiological studies
have significantly advanced our understanding of PD by uncovering
key disruptions in neuronal function and network dynamics. To fully
realize their potential, future research must prioritize long-term
electrophysiological studies, elucidate the mechanisms of pathological
synchronization, and integrate multi-scale data, including insights
from calcium imaging. Moreover, a systematic exploration of
neuromodulatory influences, genetic and epigenetic interactions, and
the contributions of non-neuronal cell types will be essential in
developing more comprehensive and physiologically relevant models.
These efforts will not only improve reproducibility but also facilitate
the identification of robust electrophysiological biomarkers and
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