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Understanding how synaptic interactions lead to circuit dynamics for neural 
computation requires experimental tools that can both observe and perturb neuronal 
activity across spatial and temporal scales. Microelectrode arrays (MEAs) provide 
scalable access to population spiking activity, yet they lack the spatial resolution 
and molecular specificity to precisely dissect synaptic mechanisms. In contrast, 
recent advances in optogenetic actuators, genetically encoded calcium and voltage 
indicators, and patterned photostimulation have transformed in vitro research, 
enabling all-optical interrogation of synaptic plasticity, functional connectivity, 
and emergent network dynamics. Further progress in transparent MEAs and hybrid 
optical–electrical systems has bridged the divide between electrophysiology and 
optical control, allowing simultaneous, bidirectional interaction with biological 
neural networks (BNNs) and real-time feedback modulation of activity patterns. 
Together, these multimodal in vitro platforms provide unprecedented experimental 
access to how local interactions shape global network behavior. Beyond technical 
integration, they establish a foundation for studying biological computation, linking 
mechanistic understanding of synaptic processes with their computational outcomes. 
This mini-review summarizes the progression from conventional MEA-based 
electrophysiology, through all-optical interrogation, to integrated multimodal 
frameworks that unite the strengths of both modalities.
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1 Introduction

A major challenge in neuroscience lies in elucidating how collective neural circuit activity 
drives information processing and adaptive behavior (Bassett and Sporns, 2017). Bridging 
molecular synaptic mechanisms and emergent network-level functions requires experimental 
paradigms capable of both observing and perturbing circuit dynamics with precise spatial and 
temporal resolution (Frank et al., 2019; Liu et al., 2023). In vitro neuronal preparations, from 
dissociated cultures to brain slices and organoids, have long provided controlled environments 
for dissecting cellular and network mechanisms (Lv et al., 2023; Osaki et al., 2024). Recent 
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technological progress has moved these preparations from passive 
observation toward active, closed-loop interrogation of plasticity, 
dynamics, and computation (Li L. et al., 2024), including pattern 
recognition (Shao et al., 2025), adaptive response (Kagan et al., 2022), 
and reservoir computing (Cai et al., 2023) demonstrated in 
recent work.

The introduction of microelectrode arrays (MEAs) marked a 
pivotal advance, enabling long-term, parallel monitoring of neuronal 
ensembles (Thomas et al., 1972; Obien et al., 2015). As discussed in 
Section 2, MEAs established the foundation for investigating network-
level activity patterns and plasticity (Eytan and Marom, 2006). Their 
utility, however, is limited by a lack of cell-type specificity, insensitivity 
to subthreshold dynamics, and diffuse current spread during 
stimulation, which obscure mechanistic insight (Buzsáki, 2004). The 
development of complementary metal-oxide-semiconductor (CMOS) 
MEAs substantially improved spatial resolution, reaching densities 
above 20,000 electrodes per array (Schröter et al., 2025), yet issues 
such as electrode crosstalk and bandwidth constraints persist, as 
shown in our earlier studies (Habibollahi et al., 2023). Consequently, 
while MEAs excel at capturing population-level spiking, they cannot 
precisely resolve the underlying cellular interactions (Buzsáki, 2004).

Optical methods, particularly calcium imaging, offer superior 
spatial resolution and improved signal-to-noise performance for 
mapping network activity, as demonstrated in our recent studies (Sun 
et al., 2021; Sun et al., 2023; Sun et al., 2024a; Sun et al., 2024b). A 
paradigm shift in in vitro research occurred with the advent of 
all-optical interrogation, described in Section 3. By coupling 
optogenetic actuators with genetically encoded indicators, researchers 
can simultaneously manipulate and monitor defined neuronal 
populations with subcellular precision (<10 μm) (Deisseroth, 2011; 
Emiliani et al., 2015; Fernandez-Ruiz et al., 2022). This capability has 
transformed the field from correlational to causal investigation, 
revealing direct links between microcircuit connectivity, plasticity 
rules, and emergent computation (Jazayeri and Afraz, 2017; Sumi et 
al., 2023).

Electrophysiology and optical approaches have complementary 
strengths: the former captures ground-truth voltage signals at 
millisecond timescales, whereas the latter offers unparalleled access to 
genetically defined and spatially resolved populations (Ramezani et 
al., 2021). This complementarity has motivated the development of 
integrated multimodal interfaces that merge MEAs with optical 
stimulation and imaging, enabling concurrent electrical and optical 
interrogation (Buzsáki et al., 2015; Miccoli et al., 2019; Middya et al., 
2021; Xu et al., 2024). Such hybrid systems permit real-time, closed-
loop modulation of network activity, thereby allowing direct tests of 
how circuit dynamics encode and transform information. Although 
many multimodal technologies were originally developed in vivo, 
related concepts are now emerging in vitro (Shew et al., 2010; 
Yakushenko et al., 2013; Kshirsagar et al., 2019; Shaik et al., 2020; 
Middya et al., 2021; Shin et al., 2021), highlighting the growing 
feasibility of electrical–optical integration in culture.

This mini-review charts the conceptual and technological 
evolution of these approaches—from MEAs to all-optical systems and 
finally to integrated multimodal platforms (Figure 1). These 
innovations enable precise interrogation of vitro biological neural 
networks (BNNs), providing scalable and mechanistic models for 
probing how synaptic plasticity gives rise to computation and 
complex function.

2 Electrophysiological foundations: 
strengths, limitations, and legacy

The development of MEAs in the 1970s represented a foundational 
advance in in vitro neurophysiology, enabling simultaneous 
extracellular recordings from multiple neurons and laying the 
groundwork for scalable circuit-level investigations (Thomas et al., 
1972). By embedding microelectrodes in a planar substrate, MEAs 
allowed minimally invasive, parallel recordings of extracellular spikes 
and local field potentials in cultured neurons and acute slices (Gross 
et al., 1977; Pine, 1980). This design enabled stable, long-term tracking 
of population activity, opening access to coordinated network 
dynamics previously beyond reach (Potter and DeMarse, 2001).

Initial MEA studies provided some of the first experimental 
demonstrations of network-level plasticity. Patterned electrical 
stimulation through MEA electrodes induced long-term potentiation 
(LTP) and depression (LTD), demonstrating that synaptic learning 
rules operate not only at individual connections but across neuronal 
ensembles (Jimbo et al., 1999). Later, spike-timing-dependent 
plasticity (STDP) paradigms demonstrated that precise temporal 
relationships between pre- and postsynaptic activity modulate circuit 
connectivity during development (Wagenaar et al., 2006). These 
findings extended classical synaptic principles into the mesoscale, 
linking cellular plasticity with emergent network behavior (Eytan and 
Marom, 2006).

However, these pioneering applications also revealed the 
limitations of electrode-based approaches, as shown in 
Figure 1A. MEAs detect only extracellular spikes but cannot access 
subthreshold or dendritic potentials essential for synaptic computation 
(Buzsáki, 2004). Although high-density CMOS MEAs approach 
micrometer-level spatial resolution, their non-planar surfaces are less 
compatible with microfabricated structures, such as PDMS 
microchannels, that require precise topography for axon guidance or 
modular network design (Duru et al., 2022). Moreover, extracellular 
signals lack inherent cell-type specificity: spikes from excitatory, 
inhibitory, or genetically defined neurons cannot be readily 
distinguished, limiting the interpretability of population activity and 
its mechanistic origins (Buzsáki et al., 2015). Electrical stimulation 
also suffers from current spread from the electrode tip, which activates 
a broad neuronal population beyond the target region (Yizhar et al., 
2011). As a result, MEAs excel at tracking the timing and structure of 
network activity, but offer limited resolution into the cellular identities 
and synaptic mechanisms shaping those dynamics. These constraints 
also restrict the translational applications. In pharmacological studies, 
MEAs measure overall changes in the network, but cannot precisely 
resolve the receptor systems or intracellular pathways through which 
compounds act from electrophysiological data alone (McConnell et 
al., 2012; Saavedra et al., 2021). Similarly, developmental studies 
describe stereotyped patterns of network maturation, yet the absence 
of spatial and molecular specificity hinders mechanistic interpretation, 
such as identifying the contributions of receptor expression, 
synaptogenesis, or axon guidance (Lv et al., 2023).

In summary, MEAs established a durable and scalable platform 
for extracellular electrophysiology, and they remain a mainstay for 
long-term population-level recordings. However, their inherent spatial 
and functional limitations have motivated the pursuit of 
complementary techniques. Optical approaches have emerged to fill 
this gap, extending circuit interrogation beyond spiking activity to 
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include underlying cellular and synaptic processes, and enabling the 
transition toward causal and multimodal paradigms (Emiliani et 
al., 2015).

3 All-optical interrogation: from 
synapses to networks

All-optical platforms have transformed in vitro circuit 
neuroscience by integrating genetic specificity, precise spatiotemporal 
control, and high-content imaging within a single experimental 
framework. Optogenetic actuators, such as channelrhodopsins and 

their red-shifted or fast-kinetic variants, enable temporally precise 
control of defined neuronal populations at the millisecond scale, 
minimal spectral crosstalk and reduced phototoxic effects (Kishi et al., 
2022; Tanaka et al., 2024). Complementary optical reporters extend 
observation across scales: genetically encoded calcium indicators 
(GECIs) like the GCaMP family, report population-level calcium 
transients that correlate with spiking (Zhang Y. et al., 2023), whereas 
genetically encoded voltage indicators (GEVIs) provide access to fast 
subthreshold (millisecond to sub-millisecond) and dendritic voltage 
fluctuations (Bando et al., 2019) (Figure 1A).

Spatial precision is achieved through structured-illumination 
strategies (Figure 1). One-photon systems employing digital 

FIGURE 1

Comparative resolution and conceptual framework of multimodal in vitro neural interfacing platforms. (A) Spatial and temporal resolution of 
representative neural interfacing techniques. Electrical methods such as conventional and high-density microelectrode arrays (MEAs) provide 
millisecond-scale temporal fidelity but limited spatial resolution. Optical approaches, including calcium imaging and optogenetic stimulation, achieve 
single-cell or subcellular specificity at slower temporal rates. Voltage imaging bridges this gap with millisecond-resolved optical access, while 
structured-illumination strategies further enhance spatial precision. These techniques form the basis for multimodal platforms that integrate electrical 
and optical interrogation of biological neural networks (BNNs). (B) Conceptual schematic of an integrated multimodal platform combining electrical 
and optical modalities for bidirectional interrogation of BNNs. Electrical stimulation and patterned photostimulation deliver controlled inputs, whereas 
electrical recording and optical imaging yield complementary readouts. Real-time spike detection, dynamics analysis, and adaptive feedback close the 
loop, enabling precise modulation of network activity and investigation of activity-dependent plasticity.
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micromirror devices (DMDs), which use high-speed arrays of tiltable 
micromirrors to project programmable light patterns, support rapid 
patterned excitation across wide fields (Dudley et al., 2003; Zhu et al., 
2012). In contrast, two-photon holographic photostimulation via 
spatial light modulators (SLMs) enables volumetric targeting of user-
defined ensembles in three dimensions (Papagiakoumou et al., 2018). 
These stimulation approaches are increasingly coupled with advanced 
imaging techniques, like resonant-scanning multiphoton microscopy, 
a high-speed method using resonant galvanometer mirrors to achieve 
micrometer-level resolution recording across planes and populations 
(Prevedel et al., 2016; Hsu et al., 2023). Moreover, MAPSI (Miniscope 
with All-optical Patterned Stimulation and Imaging) (Zhang J. et al., 
2023) recently demonstrates compact integration of calcium imaging 
and patterned photostimulation, building on advances from the open-
source Miniscope project (Cai et al., 2016). Although developed for in 
vivo use, these platforms exemplify all-optical interrogation strategies 
that are inspiring modular and miniaturized approaches for in 
vitro applications.

Collectively, these developments establish a versatile experimental 
framework for probing synaptic plasticity, functional connectivity, and 
emergent circuit dynamics (Bassett and Sporns, 2017; Zhang et al., 
2022). Although many of these applications have been extensively 
explored in vivo, in vitro platforms remain highly valuable, offering 
experimental control and scalability that continue to drive 
methodological innovation and mechanistic discovery.

3.1 Synaptic plasticity enabled by optical 
precision

All-optical approaches have enabled researchers to induce and 
monitor synaptic plasticity with subcellular accuracy, allowing direct 
examination of the mechanisms linking local activity to long-term 
changes in connectivity. By pairing temporally patterned 
photostimulation of pre- and postsynaptic partners with real-time 
imaging of calcium influx or spine morphology, it becomes possible 
to visualize how spatially constrained interactions translate into 
persistent synaptic modifications (Fan et al., 2023). Studies employing 
spine-targeted activation and high-resolution reporters have shown 
that the spatial organization of active spines, particularly their 
dendritic compartmentalization and clustering, shapes the outcome 
of plasticity (Cichon and Gan, 2015; Hayashi-Takagi et al., 2015). 
These results support the view that both the relative timing and the 
spatial arrangement of inputs jointly determine the likelihood and 
magnitude of potentiation, integrating Hebbian temporal rules with 
localized dendritic processing (Magee and Grienberger, 2020).

Choosing an appropriate optical reporter is critical for interpreting 
activity-dependent changes in neural circuits. Calcium imaging offers 
high-throughput readouts across large populations with favorable 
signal-to-noise ratios, but reflects voltage changes only indirectly and 
with limited temporal resolution (Ali and Kwan, 2019). By contrast, 
GEVIs provide a direct, temporally resolved measure of membrane 
potential, capturing subthreshold events that calcium signals typically 
miss (Knöpfel and Song, 2019; Villette et al., 2019). Because such 
subthreshold fluctuations often gate synaptic integration and influence 
plasticity induction, simultaneously capturing voltage and calcium 
dynamics allows a more complete mechanistic characterization. For 
instance, dual imaging has revealed compartment-specific summation 

rules, such as distinct dendritic integration profiles in cerebellar 
interneurons (Tran-Van-Minh et al., 2016). Although calcium 
transients correlate with various forms of plasticity, their sufficiency 
for causal inference remains underinvestigated. Increasingly, studies 
underscore the importance of ground-truth validation via 
simultaneous electrophysiology, particularly when interpreting subtle 
or distributed plasticity effects (Forli et al., 2021; Fan et al., 2023). This 
recognition has motivated the multimodal strategies outlined later in 
this review.

3.2 Functional connectivity mapping with 
patterned photostimulation

At the circuit level, structured optical stimulation provides a 
means to causally probe functional connectivity. By selectively 
activating or silencing genetically defined neuronal subsets, 
researchers can examine whether specific microcircuit motifs are 
necessary or sufficient to drive ensemble-level dynamics (Papaioannou 
and Medini, 2022; Hira and Isomura, 2025). Two-photon holography 
and other multi-site activation techniques allow the simultaneous 
control of spatially distributed neurons, while imaging population-
wide calcium or voltage signals (Russell et al., 2022; Kim et al., 2023). 
These approaches have shown that brief stimulation of compact, 
topologically organized ensembles can evoke reproducible activity 
patterns, thereby linking synaptic connectivity with emergent 
population behavior.

Functional maps derived from stimulation–response relationships 
represent effective rather than anatomical connectivity, which can 
diverge substantially from synaptic wiring diagrams (Papaioannou 
and Medini, 2022). Artifacts from light scattering, opsin cross-
activation, and cumulative phototoxicity limit the number of neurons 
that can be targeted simultaneously (Backhaus et al., 2023). To 
increase reproducibility and interpretability, ongoing efforts aim to 
standardize metrics such as spatial precision, false-positive detection 
rates, and cumulative exposure thresholds in chronic settings (Altahini 
et al., 2024).

As discussed further in the next section, integrating optical 
methods with high-density electrophysiology offers an orthogonal 
validation strategy. This enables testing whether optically evoked 
activity elicits the expected spike output, thereby refining inferences 
about functional connectivity and enhancing the reliability of 
network-level circuit mapping.

3.3 Network-scale dynamics and emergent 
computation in vitro

At the network scale, all-optical technologies support 
simultaneous observation and targeted control of distributed circuit 
activity, bridging the gap between synaptic plasticity and emergent 
ensemble dynamics. Wide-field calcium and voltage imaging 
techniques reveal how localized interactions among neurons give rise 
to global network states, including oscillations, wave propagation, and 
synchronization (Ren and Komiyama, 2021; Sun et al., 2023). These 
phenomena represent the integrated outcome of microcircuit activity 
and provide a quantitative framework for linking single-neuron 
plasticity with higher-order behavior. By introducing spatially 
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patterned photostimulation, researchers can deliver precise input 
motifs, enabling causal tests of how structured stimuli are processed 
into population-level responses in both cultures and organoids (Sumi 
et al., 2023; Jieqiong et al., 2025).

Recent advances have pushed this approach further by enabling 
closed-loop optical control, in which real-time feedback dynamically 
modulates stimulation in response to ongoing activity patterns 
(Firfilionis et al., 2021). These experiments have been employed to 
stabilize desired network states, induce plasticity in targeted 
subpopulations, and explore the mechanisms by which subnetworks 
transition between attractor-like regimes (Newman et al., 2015). 
Combining online analysis with closed-loop manipulation facilitates 
causal dissection of information flow, while theoretical tools from 
graph and information theory help characterize effective connectivity 
and signal propagation in vitro.

Although simplified relative to in vivo systems, optically accessible 
in vitro models can reproduce core computational features, including 
recurrent loops, sparse coding, and activity-dependent network 
reorganization (Olshausen and Field, 1996; Abbott and Regehr, 2004; 
Douglas and Martin, 2004; Welkenhuysen et al., 2016; Bayat et al., 
2022). By unifying observation, manipulation, and control within the 
same framework, all-optical strategies establish a mechanistic 
continuum from synaptic changes to global dynamics (Emiliani et al., 
2015). This conceptual progression, from the local plasticity to 
emergent computation, lays the groundwork for multimodal 
integration, in which electrical and optical methods combine to 
support deeper, quantitative exploration of network function 
(Figure 1B).

4 Advancing neural interfacing with 
multimodal platforms

As shown in Figure 1B, integrating optical and electrophysiological 
modalities creates a cohesive platform for probing in vitro circuits 
across complementary domains of measurement and control (Kim et 
al., 2017; Ramezani et al., 2025) (Figure 1). While optical methods 
afford genetic specificity and volumetric access at submicron to 
micron spatial resolution, electrophysiology provides direct readout 
of voltage dynamics with sub-millisecond temporal precision. By 
co-registering both modalities within a unified spatial reference frame, 
perturbations and recordings can be aligned across techniques, 
enabling systematic comparisons between optically and electrically 
derived signals.

The following subsections trace the progression from parallel 
acquisition and cross-modal validation, through real-time feedback 
architectures for adaptive control, to closed-loop frameworks that 
interrogate learning rules and computational motifs (Alon, 2007). This 
progression illustrates how multimodal systems evolve from passive 
observation toward active modulation, ultimately supporting 
hypothesis-driven dissection of high-order function.

4.1 From concurrent recording to 
cross-modal validation

The integration of optical and electrical modalities has been 
propelled by advances in transparent MEAs, which resolve the 

longstanding trade-off between electrical interfacing and optical 
accessibility (Thunemann et al., 2018). Materials such as graphene, 
indium–tin oxide (ITO), and conductive polymers enable 
low-impedance yet optically transparent electrodes, supporting 
simultaneous high-resolution fluorescence imaging, using either 
two-photon or wide-field method, and electrical recording from the 
same neuronal population (Liu et al., 2018; Li et al., 2023; Shankar et 
al., 2025).

Concurrent acquisition of optical and electrical datasets is critical 
for cross-modal validation, ensuring that genetically encoded 
indicators faithfully reflect the underlying electrophysiological activity 
(Grienberger et al., 2022; Xu et al., 2024). Comparative analyses 
between calcium transients and spike trains captured by high-density 
MEAs have defined the temporal and amplitude limitations of optical 
indicators: calcium signals act as intrinsic low-pass filters, smoothing 
high-frequency bursts and obscuring precise spike timing (Yger et al., 
2018; Wei et al., 2020). Establishing electrical ground truth is thus 
essential for calibrating and quantitatively interpreting optical data 
(Panzeri et al., 2017).

Such cross-validation elevates multimodal platforms beyond 
descriptive imaging, enabling mechanistic inference (Figure 2). For 
instance, optogenetic activation of defined excitatory neurons can 
trigger population-wide responses, whose propagation is resolved 
with millisecond precision across thousands of electrodes, linking 
local microcircuit activity to emergent network behavior (Müller 
et al., 2015; Kobayashi et al., 2024). Conversely, electrical 
stimulation can target inhibitory circuits previously identified via 
optical mapping (Dadarlat et al., 2024). Yet these bidirectional 
paradigms pose analytical challenges, particularly in co-registering 
optical and electrical coordinate systems, and in constructing 
models that jointly capture fluorescence dynamics and extracellular 
voltage signals to infer latent states of the network. Recent 
developments in miniaturized integrated devices have begun to 
address these limitations, opening new avenues for precise and 
comprehensive investigation of circuit dynamics (Wu et al., 2015; 
Tian et al., 2022).

4.2 Real-time closed-loop platforms for 
dynamic control

The inherent ability of multimodal systems to both record and 
manipulate neural activity at the cellular level makes them ideally 
suited for closed-loop architectures. In electrical–optical platforms, 
extracellular spikes are captured by the electrode array while calcium 
or voltage imaging provides single-cell–resolved optical readout; in 
parallel, patterned optogenetic stimulation enables targeted activation 
of individually identified neurons (Shew et al., 2010; Zhang et al., 
2018; Ramezani et al., 2024). In such setups, sensing and stimulation 
components are integrated into a unified feedback loop. By 
co-localizing readout and actuation, these platforms can decode 
neural activity in real time and adjust stimulation parameters to guide 
the network toward defined target states. Leveraging graphics 
processing unit (GPU)-accelerated imaging pipelines and field 
programmable gate array (FPGA)-based controllers, state-of-the-art 
closed-loop systems achieve latencies as low as tens of milliseconds, 
which is sufficient to engage intrinsic oscillations and spike-timing-
dependent plasticity (Park et al., 2017; Chen et al., 2023).
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Such systems have been deployed to modulate circuit dynamics 
across diverse in vitro preparations, from dissociated cultures to 
brain organoids. Both optical and electrical feedback loops have 
been shown to stabilize firing rates, suppress epileptiform-like 
discharges (Wagenaar et al., 2005; Newman et al., 2015), and 
promote the self-organization of functional connectivity in human 
organoids (Osaki et al., 2024). Emerging efforts aim to transition 
from heuristic control rules to model-based predictive frameworks, 
which proactively shape activity patterns to induce desired plasticity 
or computational motifs (Saponati and Vinck, 2023; Mehta et 
al., 2024).

The complexity of hybrid optical–electrical systems demands 
standardized and transparent experimental reporting to ensure 
reproducibility and facilitate cross-laboratory comparisons 
(Ramezani et al., 2021) (Figure 2). Key performance metrics, 
including stimulation latency distributions, optical–electrode 
registration accuracy, and total optical dose or injected charge, 
should be consistently reported. Simultaneous electrical 
recordings remain essential for calibrating optical signals and 
differentiating genuine biological variability from system-level 
artifacts (Qiang et al., 2018). As these multimodal frameworks 
evolve, they are laying the foundation for investigating how 
adaptive control principles are instantiated in biological 
intelligence systems.

Capitalizing on these capabilities for real-time modulation, the 
next step is to test whether performance-contingent feedback can 
drive self-organized improvement within BNNs—an inquiry that 
bridges engineering control with biological computation.

4.3 Probing biological computation in 
cultured networks

The same architectures used for dynamic control can be 
strategically repurposed to investigate learning and adaptive 
computation in living neural circuits. When stimulation is made 
contingent on network performance, feedback rules analogous to 
reinforcement learning paradigms can be implemented directly 
within the biological substrate, allowing activity-dependent 
modification of synaptic connectivity (Tessadori et al., 2012; Wülfing 
et al., 2019). Landmark demonstrations have shown that dissociated 
cortical cultures can acquire goal-directed behaviors, such as 
controlling a simplified Pong task, when provided with structured 
sensory feedback linking performance outcomes to patterned 
electrical stimulation (Kagan et al., 2022). Subsequent work has 
further demonstrated that iterative training paradigms can enhance 
the pattern recognition and discrimination capabilities of cultured 
BNNs (Shao et al., 2025).

These experiments establish dissociated neuronal assemblies as 
embodied adaptive systems, offering direct tests of how neural 
plasticity underlies learning and information processing. Such 
platforms have been exploited to examine how intrinsic neuronal 
heterogeneity contributes to generalization within reservoir 
computing frameworks (Jaeger and Haas, 2004; Tanaka et al., 2019; 
Yada et al., 2021; Sumi et al., 2023) and to investigate how spontaneous 
activity reorganizes into predictive patterns through unsupervised 
reconfiguration (Yaron et al., 2025). Extending these paradigms from 
two-dimensional cultures to three-dimensional organoids represents 

FIGURE 2

Conceptual landscape of multimodal in vitro neural interfacing: current research, enabling mechanisms, and emerging directions. Current research 
focuses on the integration of electrical and optical modalities to investigate synaptic plasticity, functional connectivity, and emergent network 
dynamics. The multimodal approach confers key advantages—including quantitative cross-validation, causal and adaptive control, and the bridging of 
synaptic mechanisms with network-level computation. These advances are underpinned by key enabling mechanisms such as optical-electrical 
hardware integration, AI-driven data processing, and standardized experimental frameworks. Collectively, these platforms are converging toward 
disease modelling, neurotherapeutic development, and neuron-based computing, positioning multimodal systems as a foundation for next-generation 
translational neurotechnology.
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a key frontier for modeling higher-order circuit adaptation and long-
range connectivity (Cai et al., 2023).

Ultimately, the convergence of optical specificity, electrical fidelity, 
and real-time algorithmic control is transforming in vitro neural 
systems into standardized experimental platforms (Figure 2). 
Developing quantitative benchmark tasks and reproducible 
performance metrics will enable systematic cross-platform 
comparisons of learning capacity across biological preparations and 
feedback architectures. In this emerging framework, cultured 
networks are viewed not merely as simplified models of brain circuits, 
but as hybrid bio-computational systems in which neuronal plasticity 
and algorithmic learning interact to generate adaptive behavior—
bridging the mechanistic studies of synaptic dynamics with the 
theoretical principles of computation.

5 Conclusion and outlook

The progression from planar MEAs to all-optical interrogation 
and, ultimately, to integrated multimodal systems represents a pivotal 
shift in neural interfacing. The field has evolved from the correlational, 
spike-based population analyses enabled by MEAs to precise, cell-
type-specific interrogation achieved through optical techniques. By 
fusing the temporal fidelity of electrophysiology with the spatial and 
genetic targeting of optogenetics and imaging, current platforms 
define a new experimental paradigm. This convergence has redefined 
in vitro models: from passive observation platforms to interactive, 
closed-loop environments capable of simultaneously sensing and 
manipulating neural activity in real time (Ramezani et al., 2021).

Looking forward, as outlined in Figure 2, this multimodal 
convergence will depend on three core enabling mechanisms, spanning 
hardware integration, computational analysis, and standardized 
experimental frameworks for translational research. On the hardware 
side, a key challenge is seamlessly integrating high-density electrode 
arrays with optical access while maintaining stable, low-noise 
performance. Advances in transparent electrode materials have 
demonstrated strong potential for simultaneous imaging and 
electrophysiology, yet optimizing transparency, impedance, durability, 
and fabrication scalability remains an active area of research (Qiang et 
al., 2018; Thunemann et al., 2018; Yang et al., 2024; Shankar et al., 2025).

From a translational standpoint, multimodal platforms are well 
positioned to reshape disease modeling and therapeutic screening 
(Wang et al., 2022). Integrating multimodal tools with patient-derived 
iPSC neurons and brain organoids enables the creation of in vitro 
models that approximate circuit-level dysfunctions underlying 
neurological and psychiatric disorders (Lv et al., 2023; Birtele et al., 
2025). Such preparations offer controlled yet scalable context for 
dissecting disease mechanisms and linking pharmacological 
perturbations to changes in network function, though issues of 
variability and reproducibility still limit large-scale applications 
(Saavedra et al., 2021).

Complementing the experimental advances, progress will 
also rely on improving analytical pipelines. High-dimensional 
multimodal datasets require both established methods, such as 
spike sorting, dimensionality reduction, and functional 
connectivity analysis (Cunningham and Yu, 2014; Bastos and 
Schoffelen, 2016; Pachitariu et al., 2024), and emerging machine-
learning and AI-driven approaches for state estimation and 
cross-modal data fusion (Saxe et al., 2021; Hong et al., 2024). The 

development of these computation tools will enable robust 
interpretation of neural activity across scales and modalities, 
maximizing the scientific yield of multimodal platforms.

Still, few studies have achieved the full integration of (i) 
bidirectional electrical–optical interfacing, (ii) simultaneous patterned 
stimulation and multimodal recording, (iii) in vitro system 
implementation, and (iv) closed-loop feedback (Xu et al., 2024; 
Ramezani et al., 2025). Realizing all four elements would complete the 
loop between perturbation and readout, offering a coherent framework 
for testing hypotheses about neural computation. Such a framework 
opens new territory at the interface of neuroscience and engineering, 
enabling direct investigation of how neural circuits adapt to structured 
feedback, reorganize connectivity, and develop predictive, goal-
directed dynamics. Extending these paradigms to more complex 
organoid architectures may reveal how BNNs realize reinforcement 
and generalization—a cornerstone of adaptive learning capability 
(Neftci and Averbeck, 2019; Wülfing et al., 2019; Li Q. et al., 2024).

Taken together, multimodal in vitro systems are no longer solely 
experimental tools, but rather serve as both investigative platforms 
for fundamental neuroscience and living substrates for neuron-
based computation. As such, they represent a critical inflection 
point: one in which mechanistic understanding, computational 
modeling, and physical embodiment converge within a unified 
experimental framework.

Author contributions

SW: Conceptualization, Investigation, Writing – original draft, 
Writing – review & editing. SG: Funding acquisition, Supervision, 
Writing – review & editing. CF: Funding acquisition, Supervision, 
Writing – review & editing. RU: Funding acquisition, Supervision, 
Writing  – review & editing. DS: Conceptualization, Project 
administration, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This work was supported 
in part by National Health and Medical Research Council (NHMRC) 
Ideas Grant (2003710).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

https://doi.org/10.3389/fnsyn.2025.1732955
https://www.frontiersin.org/journals/Synaptic-neuroscience
https://www.frontiersin.org


Wang et al.� 10.3389/fnsyn.2025.1732955

Frontiers in Synaptic Neuroscience 08 frontiersin.org

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
Abbott, L. F., and Regehr, W. G. (2004). Synaptic computation. Nature 431, 796–803. 

doi: 10.1038/nature03010
Ali, F., and Kwan, A. C. (2019). Interpreting in vivo calcium signals from neuronal cell 

bodies, axons, and dendrites: a review. Neurophotonics 7:011402. doi: 10.1117/1.
NPh.7.1.011402

Alon, U. (2007). Network motifs: theory and experimental approaches. Nat. Rev. 
Genet. 8, 450–461. doi: 10.1038/nrg2102

Altahini, S., Arnoux, I., and Stroh, A. (2024). Optogenetics 2.0: challenges and 
solutions towards a quantitative probing of neural circuits. Biol. Chem. 405, 43–54. doi: 
10.1515/hsz-2023-0194

Backhaus, H., Ruffini, N., Wierczeiko, A., and Stroh, A. (2023). “An all-optical 
physiology pipeline toward highly specific and artifact-free circuit mapping” in All-
optical methods to study neuronal function. ed. E. Papagiakoumou (New York, NY: 
Springer US), 137–163.

Bando, Y., Sakamoto, M., Kim, S., Ayzenshtat, I., and Yuste, R. (2019). Comparative 
evaluation of genetically encoded voltage indicators. Cell Rep. 26:e804, 802–813. doi: 
10.1016/j.celrep.2018.12.088

Bassett, D. S., and Sporns, O. (2017). Network neuroscience. Nat. Neurosci. 20, 
353–364. doi: 10.1038/nn.4502

Bastos, A. M., and Schoffelen, J.-M. (2016). A tutorial review of functional connectivity 
analysis methods and their interpretational pitfalls. Front. Syst. Neurosci. 9:175. doi: 
10.3389/fnsys.2015.00175

Bayat, F. K., Alp, M. İ., Bostan, S., Gülçür, H. Ö., Öztürk, G., and Güveniş, A. (2022). 
An improved platform for cultured neuronal network electrophysiology: multichannel 
optogenetics integrated with MEAs. Eur. Biophys. J. 51, 503–514. doi: 10.1007/
s00249-022-01613-0

Birtele, M., Lancaster, M., and Quadrato, G. (2025). Modelling human brain 
development and disease with organoids. Nat. Rev. Mol. Cell Biol. 26, 389–412. doi: 
10.1038/s41580-024-00804-1

Buzsáki, G. (2004). Large-scale recording of neuronal ensembles. Nat. Neurosci. 7, 
446–451. doi: 10.1038/nn1233

Buzsáki, G., Stark, E., Berényi, A., Khodagholy, D., Kipke, D. R., Yoon, E., et al. (2015). 
Tools for probing local circuits: high-density silicon probes combined with optogenetics. 
Neuron 86, 92–105. doi: 10.1016/j.neuron.2015.01.028

Cai, D. J., Aharoni, D., Shuman, T., Shobe, J., Biane, J., Song, W., et al. (2016). A shared 
neural ensemble links distinct contextual memories encoded close in time. Nature 534, 
115–118. doi: 10.1038/nature17955

Cai, H., Ao, Z., Tian, C., Wu, Z., Liu, H., Tchieu, J., et al. (2023). Brain organoid 
reservoir computing for artificial intelligence. Nat. Electron. 6, 1032–1039. doi: 10.1038/
s41928-023-01069-w

Chen, Z., Blair, G. J., Cao, C., Zhou, J., Aharoni, D., Golshani, P., et al. (2023). FPGA-
based in-vivo calcium image decoding for closed-loop feedback applications. IEEE 
Trans. Biomed. Circuits Syst. 17, 169–179. doi: 10.1109/TBCAS.2023.3268130

Cichon, J., and Gan, W.-B. (2015). Branch-specific dendritic Ca2+ spikes cause 
persistent synaptic plasticity. Nature 520, 180–185. doi: 10.1038/nature14251

Cunningham, J. P., and Yu, B. M. (2014). Dimensionality reduction for large-scale 
neural recordings. Nat. Neurosci. 17, 1500–1509. doi: 10.1038/nn.3776

Dadarlat, M. C., Sun, Y. J., and Stryker, M. P. (2024). Activity-dependent 
recruitment of inhibition and excitation in the awake mammalian cortex during 
electrical stimulation. Neuron 112, 821–834.e4. doi: 10.1016/j.neuron.2023. 
11.022

Deisseroth, K. (2011). Optogenetics. Nat. Methods 8, 26–29. doi: 10.1038/nmeth.f.324
Douglas, R. J., and Martin, K. A. C. (2004). Neuronal circuits of the neocortex. Annu. 

Rev. Neurosci. 27, 419–451. doi: 10.1146/annurev.neuro.27.070203.144152
Dudley, D., Duncan, W. M., and Slaughter, J. (2003). “Emerging digital micromirror device 

(DMD) applications” in MOEMS display and imaging systems, ed. H. Urey 
Bellingham, Washington, USA: SPIE (International Society for Optics and Photonics) 
4985:14–25. doi: 10.1117/12.480761

Duru, J., Küchler, J., Ihle, S. J., Forró, C., Bernardi, A., Girardin, S., et al. (2022). 
Engineered biological neural networks on high density CMOS microelectrode arrays. 
Front. Neurosci. 16:829884. doi: 10.3389/fnins.2022.829884

Emiliani, V., Cohen, A. E., Deisseroth, K., and Häusser, M. (2015). All-optical 
interrogation of neural circuits. J. Neurosci. 35, 13917–13926. doi: 10.1523/
JNEUROSCI.2916-15.2015

Eytan, D., and Marom, S. (2006). Dynamics and effective topology underlying 
synchronization in networks of cortical neurons. J. Neurosci. 26:8465. doi: 10.1523/
JNEUROSCI.1627-06.2006

Fan, L. Z., Kim, D. K., Jennings, J. H., Tian, H., Wang, P. Y., Ramakrishnan, C., et al. 
(2023). All-optical physiology resolves a synaptic basis for behavioral timescale 
plasticity. Cell 186, 543–559.e19. doi: 10.1016/j.cell.2022.12.035

Fernandez-Ruiz, A., Oliva, A., and Chang, H. (2022). High-resolution optogenetics in 
space and time. Trends Neurosci. 45, 854–864. doi: 10.1016/j.tins.2022.09.002

Firfilionis, D., Hutchings, F., Tamadoni, R., Walsh, D., Turnbull, M., 
Escobedo-Cousin, E., et al. (2021). A closed-loop optogenetic platform. Front. Neurosci. 
15:718311. doi: 10.3389/fnins.2021.718311

Forli, A., Pisoni, M., Printz, Y., Yizhar, O., and Fellin, T. (2021). Optogenetic strategies 
for high-efficiency all-optical interrogation using blue-light-sensitive opsins. eLife 
10:e63359. doi: 10.7554/eLife.63359

Frank, J. A., Antonini, M.-J., and Anikeeva, P. (2019). Next-generation interfaces for 
studying neural function. Nat. Biotechnol. 37, 1013–1023. doi: 10.1038/
s41587-019-0198-8

Grienberger, C., Giovannucci, A., Zeiger, W., and Portera-Cailliau, C. (2022). Two-
photon calcium imaging of neuronal activity. Nat. Rev. Methods Primers 2:67. doi: 
10.1038/s43586-022-00147-1

Gross, G. W., Rieske, E., Kreutzberg, G. W., and Meyer, A. (1977). A new fixed-array 
multi-microelectrode system designed for long-term monitoring of extracellular single 
unit neuronal activity in vitro. Neurosci. Lett. 6, 101–105. doi: 
10.1016/0304-3940(77)90003-9

Habibollahi, F., Kagan, B. J., Burkitt, A. N., and French, C. (2023). Critical dynamics 
arise during structured information presentation within embodied in vitro neuronal 
networks. Nat. Commun. 14:5287. doi: 10.1038/s41467-023-41020-3

Hayashi-Takagi, A., Yagishita, S., Nakamura, M., Shirai, F., Wu, Y. I., Loshbaugh, A. L., 
et al. (2015). Labelling and optical erasure of synaptic memory traces in the motor 
cortex. Nature 525, 333–338. doi: 10.1038/nature15257

Hira, R., and Isomura, Y. (2025). Technical development of two-photon optogenetic 
stimulation and its potential application to brain-machine interfaces. arXiv [Preprint]. 
doi: 10.48550/arXiv.2508.21555.

Hong, N., Kim, B., Lee, J., Choe, H. K., Jin, K. H., and Kang, H. (2024). Machine 
learning-based high-frequency neuronal spike reconstruction from low-frequency and 
low-sampling-rate recordings. Nat. Commun. 15:635. doi: 10.1038/s41467-024-44794-2

Hsu, C.-W., Lin, C.-Y., Hu, Y. Y., and Chen, S.-J. (2023). Dual-resonant scanning 
multiphoton microscope with ultrasound lens and resonant mirror for rapid volumetric 
imaging. Sci. Rep. 13:161. doi: 10.1038/s41598-022-27370-w

Jaeger, H., and Haas, H. (2004). Harnessing nonlinearity: predicting chaotic systems 
and saving energy in wireless communication. Science 304, 78–80. doi: 10.1126/
science.1091277

Jazayeri, M., and Afraz, A. (2017). Navigating the neural space in search of the neural 
code. Neuron 93, 1003–1014. doi: 10.1016/j.neuron.2017.02.019

Jieqiong, D., Runxuan, W., Wenwei, S., Yangjiang, W., Xiaohong, L., and Kaihuan, Z. 
(2025). "An optogenetic system with high spatiotemporal resolution for brain-on-chips", 
in International Conference on Information Optics and Optoelectronics Technology 
(CIOT 2024)).

Jimbo, Y., Tateno, T., and Robinson, H. P. C. (1999). Simultaneous induction of 
pathway-specific potentiation and depression in networks of cortical neurons. Biophys. 
J. 76, 670–678. doi: 10.1016/S0006-3495(99)77234-6

Kagan, B. J., Kitchen, A. C., Tran, N. T., Habibollahi, F., Khajehnejad, M., Parker, B. J., 
et al. (2022). In vitro neurons learn and exhibit sentience when embodied in a simulated 
game-world. Neuron 110, 3952–3969.e8. doi: 10.1016/j.neuron.2022.09.001

Kim, C. K., Adhikari, A., and Deisseroth, K. (2017). Integration of optogenetics with 
complementary methodologies in systems neuroscience. Nat. Rev. Neurosci. 18, 222–235. 
doi: 10.1038/nrn.2017.15

Kim, S., Moon, H. S., Vo, T. T., Kim, C.-H., Im, G. H., Lee, S., et al. (2023). Whole-
brain mapping of effective connectivity by fMRI with cortex-wide patterned 
optogenetics. Neuron 111:e1736, 1732–1747. doi: 10.1016/j.neuron.2023.03.002

Kishi, K. E., Kim, Y. S., Fukuda, M., Inoue, M., Kusakizako, T., Wang, P. Y., et al. 
(2022). Structural basis for channel conduction in the pump-like channelrhodopsin 
ChRmine. Cell 185, 672–689.e23. doi: 10.1016/j.cell.2022.01.007

https://doi.org/10.3389/fnsyn.2025.1732955
https://www.frontiersin.org/journals/Synaptic-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/nature03010
https://doi.org/10.1117/1.NPh.7.1.011402
https://doi.org/10.1117/1.NPh.7.1.011402
https://doi.org/10.1038/nrg2102
https://doi.org/10.1515/hsz-2023-0194
https://doi.org/10.1016/j.celrep.2018.12.088
https://doi.org/10.1038/nn.4502
https://doi.org/10.3389/fnsys.2015.00175
https://doi.org/10.1007/s00249-022-01613-0
https://doi.org/10.1007/s00249-022-01613-0
https://doi.org/10.1038/s41580-024-00804-1
https://doi.org/10.1038/nn1233
https://doi.org/10.1016/j.neuron.2015.01.028
https://doi.org/10.1038/nature17955
https://doi.org/10.1038/s41928-023-01069-w
https://doi.org/10.1038/s41928-023-01069-w
https://doi.org/10.1109/TBCAS.2023.3268130
https://doi.org/10.1038/nature14251
https://doi.org/10.1038/nn.3776
https://doi.org/10.1016/j.neuron.2023.11.022
https://doi.org/10.1016/j.neuron.2023.11.022
https://doi.org/10.1038/nmeth.f.324
https://doi.org/10.1146/annurev.neuro.27.070203.144152
https://doi.org/10.1117/12.480761
https://doi.org/10.3389/fnins.2022.829884
https://doi.org/10.1523/JNEUROSCI.2916-15.2015
https://doi.org/10.1523/JNEUROSCI.2916-15.2015
https://doi.org/10.1523/JNEUROSCI.1627-06.2006
https://doi.org/10.1523/JNEUROSCI.1627-06.2006
https://doi.org/10.1016/j.cell.2022.12.035
https://doi.org/10.1016/j.tins.2022.09.002
https://doi.org/10.3389/fnins.2021.718311
https://doi.org/10.7554/eLife.63359
https://doi.org/10.1038/s41587-019-0198-8
https://doi.org/10.1038/s41587-019-0198-8
https://doi.org/10.1038/s43586-022-00147-1
https://doi.org/10.1016/0304-3940(77)90003-9
https://doi.org/10.1038/s41467-023-41020-3
https://doi.org/10.1038/nature15257
https://doi.org/10.48550/arXiv.2508.21555
https://doi.org/10.1038/s41467-024-44794-2
https://doi.org/10.1038/s41598-022-27370-w
https://doi.org/10.1126/science.1091277
https://doi.org/10.1126/science.1091277
https://doi.org/10.1016/j.neuron.2017.02.019
https://doi.org/10.1016/S0006-3495(99)77234-6
https://doi.org/10.1016/j.neuron.2022.09.001
https://doi.org/10.1038/nrn.2017.15
https://doi.org/10.1016/j.neuron.2023.03.002
https://doi.org/10.1016/j.cell.2022.01.007


Wang et al.� 10.3389/fnsyn.2025.1732955

Frontiers in Synaptic Neuroscience 09 frontiersin.org

Knöpfel, T., and Song, C. (2019). Optical voltage imaging in neurons: moving from 
technology development to practical tool. Nat. Rev. Neurosci. 20, 719–727. doi: 10.1038/
s41583-019-0231-4

Kobayashi, T., Shimba, K., Narumi, T., Asahina, T., Kotani, K., and Jimbo, Y. (2024). 
Revealing single-neuron and network-activity interaction by combining high-density 
microelectrode array and optogenetics. Nat. Commun. 15:9547. doi: 10.1038/
s41467-024-53505-w

Kshirsagar, P., Dickreuter, S., Mierzejewski, M., Burkhardt, C. J., Chassé, T., 
Fleischer, M., et al. (2019). Transparent graphene/PEDOT:PSS microelectrodes for 
electro- and optophysiology. Adv. Mater. Technol. 4:1800318. doi: 10.1002/
admt.201800318

Li, Q., Sorscher, B., and Sompolinsky, H. (2024). Representations and generalization 
in artificial and brain neural networks. Proc. Natl. Acad. Sci. 121:e2311805121. doi: 
10.1073/pnas.2311805121

Li, H., Wang, J., and Fang, Y. (2023). Recent developments in multifunctional neural 
probes for simultaneous neural recording and modulation. Microsyst Nanoeng. 9:4. doi: 
10.1038/s41378-022-00444-5

Li, L., Zhang, B., Zhao, W., Sheng, D., Yin, L., Sheng, X., et al. (2024). Multimodal 
technologies for closed-loop neural modulation and sensing. Adv. Healthc. Mater. 
13:2303289. doi: 10.1002/adhm.202303289

Liu, X., Lu, Y., Iseri, E., Shi, Y., and Kuzum, D. (2018). A compact closed-loop 
optogenetics system based on artifact-free transparent graphene electrodes. Front. 
Neurosci. 12:132. doi: 10.3389/fnins.2018.00132

Liu, Y., Xu, S., Yang, Y., Zhang, K., He, E., Liang, W., et al. (2023). Nanomaterial-based 
microelectrode arrays for in vitro bidirectional brain–computer interfaces: a review. 
Microsyst. Nanoeng. 9:13. doi: 10.1038/s41378-022-00479-8

Lv, S., He, E., Luo, J., Liu, Y., Liang, W., Xu, S., et al. (2023). Using human-induced 
pluripotent stem cell derived neurons on microelectrode arrays to model neurological 
disease: a review. Adv. Sci. 10:e2301828. doi: 10.1002/advs.202301828

Magee, J. C., and Grienberger, C. (2020). Synaptic plasticity forms and functions. 
Annu. Rev. Neurosci. 43, 95–117. doi: 10.1146/annurev-neuro-090919-022842

McConnell, E. R., McClain, M. A., Ross, J., LeFew, W. R., and Shafer, T. J. (2012). 
Evaluation of multi-well microelectrode arrays for neurotoxicity screening using a 
chemical training set. Neurotoxicology 33, 1048–1057. doi: 10.1016/j.
neuro.2012.05.001

Mehta, Y., Tyulmankov, D., Rajagopalan, A.E., Turner, G. C., Fitzgerald, J.E., and 
Funke, J. (2024). Model-based inference of synaptic plasticity rules. Biorxiv [Preprint]. 
doi: 10.1101/2023.12.11.571103

Miccoli, B., Lopez, C. M., Goikoetxea, E., Putzeys, J., Sekeri, M., Krylychkina, O., et al. 
(2019). High-density electrical recording and impedance imaging with a multi-modal 
CMOS multi-electrode array chip. Front. Neurosci. 13:641. doi: 10.3389/fnins.2019.00641

Middya, S., Curto, V. F., Fernández-Villegas, A., Robbins, M., Gurke, J., Moonen, E. J. 
M., et al. (2021). Microelectrode arrays for simultaneous electrophysiology and 
advanced optical microscopy. Adv. Sci. 8:2004434. doi: 10.1002/advs.202004434

Müller, J., Ballini, M., Livi, P., Chen, Y., Radivojevic, M., Shadmani, A., et al. (2015). 
High-resolution CMOS MEA platform to study neurons at subcellular, cellular, and 
network levels. Lab Chip 15, 2767–2780. doi: 10.1039/C5LC00133A

Neftci, E. O., and Averbeck, B. B. (2019). Reinforcement learning in artificial and 
biological systems. Nat. Mach. Intell. 1, 133–143. doi: 10.1038/s42256-019-0025-4

Newman, J. P., Fong, M.-f., Millard, D. C., Whitmire, C. J., Stanley, G. B., and 
Potter, S. M. (2015). Optogenetic feedback control of neural activity. eLife 4:e07192. doi: 
10.7554/eLife.07192

Obien, M. E. J., Deligkaris, K., Bullmann, T., Bakkum, D. J., and Frey, U. (2015). 
Revealing neuronal function through microelectrode array recordings. Front. Neurosci. 
8:423. doi: 10.3389/fnins.2014.00423

Olshausen, B. A., and Field, D. J. (1996). Emergence of simple-cell receptive field 
properties by learning a sparse code for natural images. Nature 381, 607–609. doi: 
10.1038/381607a0

Osaki, T., Duenki, T., Chow, S. Y. A., Ikegami, Y., Beaubois, R., Levi, T., et al. (2024). 
Complex activity and short-term plasticity of human cerebral organoids reciprocally 
connected with axons. Nat. Commun. 15:2945. doi: 10.1038/s41467-024-46787-7

Pachitariu, M., Sridhar, S., Pennington, J., and Stringer, C. (2024). Spike sorting with 
Kilosort4. Nat. Methods 21, 914–921. doi: 10.1038/s41592-024-02232-7

Panzeri, S., Harvey, C. D., Piasini, E., Latham, P. E., and Fellin, T. (2017). Cracking the 
neural code for sensory perception by combining statistics, intervention, and behavior. 
Neuron 93, 491–507. doi: 10.1016/j.neuron.2016.12.036

Papagiakoumou, E., Ronzitti, E., Chen, I. W., Gajowa, M., Picot, A., and Emiliani, V. 
(2018). “Two-photon optogenetics by computer-generated holography” in Optogenetics: 
a roadmap. ed. A. Stroh (New York, NY: Springer New York), 175–197.

Papaioannou, S., and Medini, P. (2022). Advantages, pitfalls, and developments of all 
optical interrogation strategies of microcircuits in vivo. Front. Neurosci. 16:859803. doi: 
10.3389/fnins.2022.859803

Park, J., Kim, G., and Jung, S. D. (2017). A 128-channel FPGA-based real-time spike-
sorting bidirectional closed-loop neural Interface system. IEEE Trans. Neural Syst. 
Rehabil. Eng. 25, 2227–2238. doi: 10.1109/TNSRE.2017.2697415

Pine, J. (1980). Recording action potentials from cultured neurons with extracellular 
microcircuit electrodes. J. Neurosci. Methods 2, 19–31. doi: 
10.1016/0165-0270(80)90042-4

Potter, S. M., and DeMarse, T. B. (2001). A new approach to neural cell culture for 
long-term studies. J. Neurosci. Methods 110, 17–24. doi: 10.1016/
S0165-0270(01)00412-5

Prevedel, R., Verhoef, A. J., Pernía-Andrade, A. J., Weisenburger, S., Huang, B. S., 
Nöbauer, T., et al. (2016). Fast volumetric calcium imaging across multiple cortical layers 
using sculpted light. Nat. Methods 13, 1021–1028. doi: 10.1038/nmeth.4040

Qiang, Y., Artoni, P., Seo, K. J., Culaclii, S., Hogan, V., Zhao, X., et al. (2018). 
Transparent arrays of bilayer-nanomesh microelectrodes for simultaneous 
electrophysiology and two-photon imaging in the brain. Sci. Adv. 4:eaat0626. doi: 
10.1126/sciadv.aat0626

Ramezani, M., Kim, J.-H., Liu, X., Ren, C., Alothman, A., De-Eknamkul, C., et al. 
(2024). High-density transparent graphene arrays for predicting cellular calcium activity 
at depth from surface potential recordings. Nat. Nanotechnol. 19, 504–513. doi: 10.1038/
s41565-023-01576-z

Ramezani, M., Ren, Y., Cubukcu, E., and Kuzum, D. (2025). Innovating beyond 
electrophysiology through multimodal neural interfaces. Nat. Rev. Electr. Eng. 2, 42–57. 
doi: 10.1038/s44287-024-00121-x

Ramezani, Z., Seo, K. J., and Fang, H. (2021). Hybrid electrical and optical neural 
interfaces. J. Micromech. Microeng. 31:044002. doi: 10.1088/1361-6439/abeb30

Ren, C., and Komiyama, T. (2021). Characterizing cortex-wide dynamics with wide-
Field calcium imaging. J. Neurosci. 41, 4160–4168. doi: 10.1523/
JNEUROSCI.3003-20.2021

Russell, L. E., Dalgleish, H. W. P., Nutbrown, R., Gauld, O. M., Herrmann, D., 
Fişek, M., et al. (2022). All-optical interrogation of neural circuits in behaving mice. Nat. 
Protoc. 17, 1579–1620. doi: 10.1038/s41596-022-00691-w

Saavedra, L., Wallace, K., Freudenrich, T. F., Mall, M., Mundy, W. R., Davila, J., et al. 
(2021). Comparison of acute effects of neurotoxic compounds on network activity in 
human and rodent neural cultures. Toxicol. Sci. 180, 295–312. doi: 10.1093/
toxsci/kfab008

Saponati, M., and Vinck, M. (2023). Sequence anticipation and spike-timing-
dependent plasticity emerge from a predictive learning rule. Nat. Commun. 14:4985. doi: 
10.1038/s41467-023-40651-w

Saxe, A., Nelli, S., and Summerfield, C. (2021). If deep learning is the answer, what is 
the question? Nat. Rev. Neurosci. 22, 55–67. doi: 10.1038/s41583-020-00395-8

Schröter, M., Cardes, F., Bui, C.-V. H., Dodi, L. D., Gänswein, T., Bartram, J., et al. 
(2025). Advances in large-scale electrophysiology with high-density microelectrode 
arrays. Lab Chip 25, 4844–4885. doi: 10.1039/D5LC00058K

Shaik, F. A., Ihida, S., Ikeuchi, Y., Tixier-Mita, A., and Toshiyoshi, H. (2020). TFT 
sensor array for real-time cellular characterization, stimulation, impedance 
measurement and optical imaging of in-vitro neural cells. Biosens. Bioelectron. 
169:112546. doi: 10.1016/j.bios.2020.112546

Shankar, S., Chen, Y., Averbeck, S., Hendricks, Q., Murphy, B., Ferleger, B., et al. 
(2025). Transparent MXene microelectrode arrays for multimodal mapping of neural 
dynamics. Adv. Healthc. Mater. 14:e2402576. doi: 10.1002/adhm.202402576

Shao, W.-W., Shao, Q., Xu, H.-H., Qiao, G.-J., Wang, R.-X., Ma, Z.-Y., et al. (2025). 
Repetitive training enhances the pattern recognition capability of cultured neural 
networks. PLoS Comput. Biol. 21:e1013043. doi: 10.1371/journal.pcbi.1013043

Shew, W. L., Bellay, T., and Plenz, D. (2010). Simultaneous multi-electrode array 
recording and two-photon calcium imaging of neural activity. J. Neurosci. Methods 192, 
75–82. doi: 10.1016/j.jneumeth.2010.07.023

Shin, H., Jeong, S., Lee, J.-H., Sun, W., Choi, N., and Cho, I.-J. (2021). 3D high-density 
microelectrode array with optical stimulation and drug delivery for investigating neural 
circuit dynamics. Nat. Commun. 12:492. doi: 10.1038/s41467-020-20763-3

Sumi, T., Yamamoto, H., Katori, Y., Ito, K., Moriya, S., Konno, T., et al. (2023). 
Biological neurons act as generalization filters in reservoir computing. Proc. Natl. Acad. 
Sci. 120:e2217008120. doi: 10.1073/pnas.2217008120

Sun, D., French, C., and Unnithan, R. R. (2024a). Optical brain–computer interface: 
using a miniscope to detect multi-neuronal dynamics during cognition-related events. 
Boca Raton: CRC Press.

Sun, D., Shaik, N. E. K., Unnithan, R. R., and French, C. (2024b). Hippocampal 
cognitive and relational map paradigms explored by multisensory encoding recording 
with wide-field calcium imaging. iScience 27:108603. doi: 10.1016/j.isci.2023.108603

Sun, D., Unnithan, R. R., and French, C. (2021). Scopolamine impairs spatial 
information recorded with “Miniscope” calcium imaging in hippocampal place cells. 
Front. Neurosci. 15:640350. doi: 10.3389/fnins.2021.640350

Sun, D., Yu, Y., Habibollahi, F., Unnithan, R. R., and French, C. (2023). Real-time 
multimodal sensory detection using widefield hippocampal calcium imaging. Commun. 
Eng. 2:91. doi: 10.1038/s44172-023-00144-6

Tanaka, T., Hososhima, S., Yamashita, Y., Sugimoto, T., Nakamura, T., Shigemura, S., 
et al. (2024). The high-light-sensitivity mechanism and optogenetic properties of the 
bacteriorhodopsin-like channelrhodopsin GtCCR4. Mol. Cell 84, 3530–3544.e6. doi: 
10.1016/j.molcel.2024.08.016

https://doi.org/10.3389/fnsyn.2025.1732955
https://www.frontiersin.org/journals/Synaptic-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/s41583-019-0231-4
https://doi.org/10.1038/s41583-019-0231-4
https://doi.org/10.1038/s41467-024-53505-w
https://doi.org/10.1038/s41467-024-53505-w
https://doi.org/10.1002/admt.201800318
https://doi.org/10.1002/admt.201800318
https://doi.org/10.1073/pnas.2311805121
https://doi.org/10.1038/s41378-022-00444-5
https://doi.org/10.1002/adhm.202303289
https://doi.org/10.3389/fnins.2018.00132
https://doi.org/10.1038/s41378-022-00479-8
https://doi.org/10.1002/advs.202301828
https://doi.org/10.1146/annurev-neuro-090919-022842
https://doi.org/10.1016/j.neuro.2012.05.001
https://doi.org/10.1016/j.neuro.2012.05.001
https://doi.org/10.1101/2023.12.11.571103
https://doi.org/10.3389/fnins.2019.00641
https://doi.org/10.1002/advs.202004434
https://doi.org/10.1039/C5LC00133A
https://doi.org/10.1038/s42256-019-0025-4
https://doi.org/10.7554/eLife.07192
https://doi.org/10.3389/fnins.2014.00423
https://doi.org/10.1038/381607a0
https://doi.org/10.1038/s41467-024-46787-7
https://doi.org/10.1038/s41592-024-02232-7
https://doi.org/10.1016/j.neuron.2016.12.036
https://doi.org/10.3389/fnins.2022.859803
https://doi.org/10.1109/TNSRE.2017.2697415
https://doi.org/10.1016/0165-0270(80)90042-4
https://doi.org/10.1016/S0165-0270(01)00412-5
https://doi.org/10.1016/S0165-0270(01)00412-5
https://doi.org/10.1038/nmeth.4040
https://doi.org/10.1126/sciadv.aat0626
https://doi.org/10.1038/s41565-023-01576-z
https://doi.org/10.1038/s41565-023-01576-z
https://doi.org/10.1038/s44287-024-00121-x
https://doi.org/10.1088/1361-6439/abeb30
https://doi.org/10.1523/JNEUROSCI.3003-20.2021
https://doi.org/10.1523/JNEUROSCI.3003-20.2021
https://doi.org/10.1038/s41596-022-00691-w
https://doi.org/10.1093/toxsci/kfab008
https://doi.org/10.1093/toxsci/kfab008
https://doi.org/10.1038/s41467-023-40651-w
https://doi.org/10.1038/s41583-020-00395-8
https://doi.org/10.1039/D5LC00058K
https://doi.org/10.1016/j.bios.2020.112546
https://doi.org/10.1002/adhm.202402576
https://doi.org/10.1371/journal.pcbi.1013043
https://doi.org/10.1016/j.jneumeth.2010.07.023
https://doi.org/10.1038/s41467-020-20763-3
https://doi.org/10.1073/pnas.2217008120
https://doi.org/10.1016/j.isci.2023.108603
https://doi.org/10.3389/fnins.2021.640350
https://doi.org/10.1038/s44172-023-00144-6
https://doi.org/10.1016/j.molcel.2024.08.016


Wang et al.� 10.3389/fnsyn.2025.1732955

Frontiers in Synaptic Neuroscience 10 frontiersin.org

Tanaka, G., Yamane, T., Héroux, J. B., Nakane, R., Kanazawa, N., Takeda, S., et al. 
(2019). Recent advances in physical reservoir computing: a review. Neural Netw. 115, 
100–123. doi: 10.1016/j.neunet.2019.03.005

Tessadori, J., Bisio, M., Martinoia, S., and Chiappalone, M. (2012). Modular neuronal 
assemblies embodied in a closed-loop environment: toward future integration of brains 
and machines. Front. Neural Circuits 6:99. doi: 10.3389/fncir.2012.00099

Thomas, C. A., Springer, P. A., Loeb, G. E., Berwald-Netter, Y., and Okun, L. M. (1972). 
A miniature microelectrode array to monitor the bioelectric activity of cultured cells. 
Exp. Cell Res. 74, 61–66. doi: 10.1016/0014-4827(72)90481-8

Thunemann, M., Lu, Y., Liu, X., Kılıç, K., Desjardins, M., Vandenberghe, M., et al. (2018). 
Deep 2-photon imaging and artifact-free optogenetics through transparent graphene 
microelectrode arrays. Nat. Commun. 9:2035. doi: 10.1038/s41467-018-04457-5

Tian, H., Xu, K., Zou, L., and Fang, Y. (2022). Multimodal neural probes for combined 
optogenetics and electrophysiology. iScience 25:103612. doi: 10.1016/j.isci.2021.103612

Tran-Van-Minh, A., Abrahamsson, T., Cathala, L., and DiGregorio, D. A. (2016). 
Differential dendritic integration of synaptic potentials and calcium in cerebellar 
interneurons. Neuron 91, 837–850. doi: 10.1016/j.neuron.2016.07.029

Villette, V., Chavarha, M., Dimov, I. K., Bradley, J., Pradhan, L., Mathieu, B., et al. 
(2019). Ultrafast two-photon imaging of a high-gain voltage Indicator in awake behaving 
mice. Cell 179, 1590–1608.e23. doi: 10.1016/j.cell.2019.11.004

Wagenaar, D. A., Madhavan, R., Pine, J., and Potter, S. M. (2005). Controlling bursting 
in cortical cultures with closed-loop multi-electrode stimulation. J. Neurosci. 25, 
680–688. doi: 10.1523/JNEUROSCI.4209-04.2005

Wagenaar, D. A., Pine, J., and Potter, S. M. (2006). An extremely rich repertoire of 
bursting patterns during the development of cortical cultures. BMC Neurosci. 7:11. doi: 
10.1186/1471-2202-7-11

Wang, A. Y., Sheng, Y., Li, W., Jung, D., Junek, G. V., Liu, H., et al. (2022). A multimodal 
and multifunctional CMOS cellular interfacing Array for digital physiology and 
pathology featuring an ultra dense pixel Array and reconfigurable sampling rate. IEEE 
Trans. Biomed. Circuits Syst. 16, 1057–1074. doi: 10.1109/TBCAS.2022.3224064

Wei, Z., Lin, B.-J., Chen, T.-W., Daie, K., Svoboda, K., and Druckmann, S. (2020). A 
comparison of neuronal population dynamics measured with calcium imaging and 
electrophysiology. PLoS Comput. Biol. 16:e1008198. doi: 10.1371/journal.pcbi.1008198

Welkenhuysen, M., Hoffman, L., Luo, Z., De Proft, A., Van den Haute, C., 
Baekelandt, V., et al. (2016). An integrated multi-electrode-optrode array for in vitro 
optogenetics. Sci. Rep. 6:20353. doi: 10.1038/srep20353

Wu, F., Stark, E., Ku, P.-C., Wise, K. D., Buzsáki, G., and Yoon, E. (2015). Monolithically 
integrated μLEDs on silicon neural probes for high-resolution optogenetic studies in 
behaving animals. Neuron 88, 1136–1148. doi: 10.1016/j.neuron.2015.10.032

Wülfing, J. M., Kumar, S. S., Boedecker, J., Riedmiller, M., and Egert, U. (2019). 
Adaptive long-term control of biological neural networks with deep reinforcement 
learning. Neurocomputing 342, 66–74. doi: 10.1016/j.neucom.2018.10.084

Xu, S., Xiao, X., Manshaii, F., and Chen, J. (2024). Injectable fluorescent neural 
interfaces for cell-specific stimulating and imaging. Nano Lett. 24, 4703–4716. doi: 
10.1021/acs.nanolett.4c00815

Yada, Y., Yasuda, S., and Takahashi, H. (2021). Physical reservoir computing with FORCE 
learning in a living neuronal culture. Appl. Phys. Lett. 119:771. doi: 10.1063/5.0064771

Yakushenko, A., Gong, Z., Maybeck, V., Hofmann, B., Gu, E., Dawson, M., et al. 
(2013). On-chip optical stimulation and electrical recording from cells. J. Biomed. Opt. 
18:111402. doi: 10.1117/1.JBO.18.11.111402

Yang, Q., Wu, B., Castagnola, E., Pwint, M. Y., Williams, N. P., Vazquez, A. L., et al. 
(2024). Integrated microprism and microelectrode Array for simultaneous 
electrophysiology and two-photon imaging across all cortical layers. Adv. Healthc. Mater. 
13:e2302362. doi: 10.1002/adhm.202302362

Yaron, A., Zhang, Z., Akita, D., Shiramatsu, T. I., Chao, Z. C., and Takahashi, H. 
(2025). Dissociated neuronal cultures as model systems for self-organized prediction. 
Front. Neural Circuits 19:1568652. doi: 10.3389/fncir.2025.1568652

Yger, P., Spampinato, G. L. B., Esposito, E., Lefebvre, B., Deny, S., Gardella, C., et al. 
(2018). A spike sorting toolbox for up to thousands of electrodes validated with ground 
truth recordings in vitro and in vivo. eLife 7:e34518. doi: 10.7554/eLife.34518

Yizhar, O., Fenno, L. E., Davidson, T. J., Mogri, M., and Deisseroth, K. (2011). 
Optogenetics in neural systems. Neuron 71, 9–34. doi: 10.1016/j.neuron.2011.06.004

Zhang, H., Fang, H., Liu, D., Zhang, Y., Adu-Amankwaah, J., Yuan, J., et al. (2022). 
Applications and challenges of rhodopsin-based optogenetics in biomedicine. Front. 
Neurosci. 16:966772. doi: 10.3389/fnins.2022.966772

Zhang, J., Hughes, R. N., Kim, N., Fallon, I. P., Bakhurin, K., Kim, J., et al. (2023). A 
one-photon endoscope for simultaneous patterned optogenetic stimulation and calcium 
imaging in freely behaving mice. Nat. Biomed. Eng. 7, 499–510. doi: 10.1038/
s41551-022-00920-3

Zhang, J., Liu, X., Xu, W., Luo, W., Li, M., Chu, F., et al. (2018). Stretchable transparent 
electrode arrays for simultaneous electrical and optical interrogation of neural circuits 
in vivo. Nano Lett. 18, 2903–2911. doi: 10.1021/acs.nanolett.8b00087

Zhang, Y., Rózsa, M., Liang, Y., Bushey, D., Wei, Z., Zheng, J., et al. (2023). Fast and 
sensitive GCaMP calcium indicators for imaging neural populations. Nature 615, 
884–891. doi: 10.1038/s41586-023-05828-9

Zhu, P., Fajardo, O., Shum, J., Zhang Schärer, Y.-P., and Friedrich, R. W. (2012). High-
resolution optical control of spatiotemporal neuronal activity patterns in zebrafish using 
a digital micromirror device. Nat. Protoc. 7, 1410–1425. doi: 10.1038/nprot.2012.072

https://doi.org/10.3389/fnsyn.2025.1732955
https://www.frontiersin.org/journals/Synaptic-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.neunet.2019.03.005
https://doi.org/10.3389/fncir.2012.00099
https://doi.org/10.1016/0014-4827(72)90481-8
https://doi.org/10.1038/s41467-018-04457-5
https://doi.org/10.1016/j.isci.2021.103612
https://doi.org/10.1016/j.neuron.2016.07.029
https://doi.org/10.1016/j.cell.2019.11.004
https://doi.org/10.1523/JNEUROSCI.4209-04.2005
https://doi.org/10.1186/1471-2202-7-11
https://doi.org/10.1109/TBCAS.2022.3224064
https://doi.org/10.1371/journal.pcbi.1008198
https://doi.org/10.1038/srep20353
https://doi.org/10.1016/j.neuron.2015.10.032
https://doi.org/10.1016/j.neucom.2018.10.084
https://doi.org/10.1021/acs.nanolett.4c00815
https://doi.org/10.1063/5.0064771
https://doi.org/10.1117/1.JBO.18.11.111402
https://doi.org/10.1002/adhm.202302362
https://doi.org/10.3389/fncir.2025.1568652
https://doi.org/10.7554/eLife.34518
https://doi.org/10.1016/j.neuron.2011.06.004
https://doi.org/10.3389/fnins.2022.966772
https://doi.org/10.1038/s41551-022-00920-3
https://doi.org/10.1038/s41551-022-00920-3
https://doi.org/10.1021/acs.nanolett.8b00087
https://doi.org/10.1038/s41586-023-05828-9
https://doi.org/10.1038/nprot.2012.072

	From microelectrode arrays to all-optical and multimodal neural interfaces: emerging platforms for spatiotemporal interrogation of in vitro neural circuits
	1 Introduction
	2 Electrophysiological foundations: strengths, limitations, and legacy
	3 All-optical interrogation: from synapses to networks
	3.1 Synaptic plasticity enabled by optical precision
	3.2 Functional connectivity mapping with patterned photostimulation
	3.3 Network-scale dynamics and emergent computation in vitro 

	4 Advancing neural interfacing with multimodal platforms
	4.1 From concurrent recording to cross-modal validation
	4.2 Real-time closed-loop platforms for dynamic control
	4.3 Probing biological computation in cultured networks

	5 Conclusion and outlook

	 References

