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Summary 22 

Brain Microphysiological Systems including neural organoids derived from human induced pluripotent 23 

stem cells offer a unique lens to study the intricate workings of the human brain. This paper investigates 24 

the foundational elements of learning and memory in neural organoids, also known as Organoid 25 

Intelligence by quantifying immediate early gene expression, synaptic plasticity, neuronal network 26 
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dynamics, and criticality to demonstrate the utility of these organoids in basic science research. Neural 27 

organoids showed synapse formation, glutamatergic and GABAergic receptor expression, immediate 28 

early gene expression basally and evoked, functional connectivity, criticality, and synaptic plasticity in 29 

response to theta-burst stimulation. In addition, pharmacological interventions on GABAergic and 30 

glutamatergic receptors, and input specific theta-burst stimulation further shed light on the capacity of 31 

neural organoids to mirror synaptic modulation and short-term potentiation, demonstrating their 32 

potential as tools for studying neurophysiological and neurological processes and informing therapeutic 33 

strategies for diseases.  34 

Introduction  35 

Neural organoids; which can be grouped under the umbrella term of Brain Microphysiological Systems 36 

(bMPS), are derived from human induced pluripotent stem cells (hiPSCs) and offer a powerful tool for 37 

studying brain development, disease modeling, drug discovery, and personalized medicine1,2. They can 38 

recapitulate key features of the human brain, including cellular diversity3–6, connectivity7, and 39 

functionality3,4,8 and can capture specific donor genotypes9. The model used for this study is comprised 40 

of all the neural cell types found in the human brain including GABAergic, glutaminergic, cholinergic, 41 

dopaminergic neurons; neural progenitor cells (NPCs), astrocytes, and myelinating oligodendrocytes10,11. 42 

Functional analysis of another organoid model has shown that their oscillations are similar to the human 43 

preterm neonatal EEG features12. Other organoid models have been shown to harbor neuronal 44 

assemblies with ample size and functional connectivity, enabling them to collaboratively trigger field 45 

potentials7. Recently, neural organoids have been proposed as a model of cognition, potentially capable 46 

of modelling learning and memory (OI – organoid intelligence)13. Towards this goal, organoids were used 47 

for reservoir computing, demonstrating spatial information processing and network plasticity as a form 48 

of unsupervised learning14, but the extent to which bMPSs model the mechanisms of learning and 49 

memory have not been fully explored. To develop a reliable learning-in-a-dish model, we first need to 50 
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understand the molecular and cellular machinery of learning, neuronal network activity and function, 51 

and synaptic plasticity in neural organoids, which is extensively characterized here.   52 

One critical aspect of brain functionality that is important for learning and memory, is synaptic 53 

plasticity15–18. Short- and long-term potentiation (S(L)TP) are activity-dependent forms of synaptic 54 

plasticity associated with short- and long-term learning and memory processes15,19,20. LTP occurs at the 55 

cellular level and involves modifications in synaptic transmission to enhance signal conduction15,21,22. 56 

Both LTP and STP are NMDA receptor-dependent forms of synaptic plasticity23. Synaptic plasticity relies 57 

on the rapid activation of immediate early genes (IEGs) in response to stimuli and plays a key role in 58 

mediating the transcription and translation of other genes involved in the formation and maintenance of 59 

memories24. Altered synaptic plasticity leads to abnormal neural network activity, impairing cognitive 60 

function and behavior and has been linked to various neurological and psychiatric disorders18,25.  61 

Criticality is another important aspect of neuronal activity that has been shown to optimize the ability of 62 

neuronal networks to encode and process information26. At the critical state, neuronal activity exhibits 63 

scale-free dynamics, allowing for efficient information processing and integration across different brain 64 

regions27. In addition, research has shown that criticality is important for learning and memory in the 65 

brain28. Research in monolayers of cortical cultures suggests that criticality may be a fundamental 66 

property that arises in dynamic systems receiving structured information, making it a valuable metric to 67 

assess in more complex cultures27. Despite this perspective, aspects of criticality in neural organoids are 68 

less explored29,30.  69 

The capacity of hiPSC-derived neural organoids to demonstrate features of synaptic plasticity is still not 70 

fully understood. One study has shown that organoids respond to external electrical signals and maintain 71 

elevated neuronal activity short term31. Another study has shown that assembloids exhibit STP/LTP using 72 

patch clamp methods32. Additionally, Zafeiriou et al., showed that neuronal organoids exhibit both short- 73 
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and long-changes in network dynamics33. While these are great first steps, more work needs to be done 74 

to characterize and better understand synaptic plasticity in neural organoid models.  75 

Here, we focus on analyzing the foundational elements of learning and memory in neural organoids 76 

through the characterization of spontaneous and evoked neural network dynamics, input-specific 77 

synaptic plasticity, functional connectivity, IEG expression, and criticality. We show that our model has 78 

spontaneous and evoked highly interconnected neural networks that change over time, show expression 79 

and activation of IEGs, and demonstrate critical dynamics.  80 

Results  81 

Neural organoids were differentiated from iPSCs for up to 14 weeks and characterized throughout 82 

development (Fig. 1A). Gene expression of synaptic plasticity markers was quantified from week 0 to 83 

week 12. Calcium signaling development was analyzed from week 2 to week 14. Finally, electrical activity 84 

was characterized by high-density microelectrode arrays (HD-MEAs) over two independent time periods, 85 

from weeks 6-to-9 and 10-to-13. In addition, pharmacological modulation of neurotransmission was 86 

performed at week 8 and 13. Lastly, theta burst stimulation (TBS) was implemented at week 13 to induce 87 

synaptic plasticity. To analyze both spontaneous and evoked electrical activity from the HD-MEA data, 88 

functional connectivity and criticality analysis were performed. A schematic overview of the 89 

neurocomputational investigations is shown in Fig. 1B. In addition, an example of how evoked activity 90 

from pharmacological or electrical stimuli can modulate synaptic transmission to induce synaptic 91 

plasticity is shown in Fig. 1C.  92 

Neural Organoids Develop Proper Synapse Formation and Express Receptors Necessary for Synaptic 93 

Transmission 94 

Neural organoids were differentiated following our in house established protocol11. The expression of 95 

markers for astrocytes (GFAP), oligodendrocyte (MBP, OLIG2) and mature neurons (MAP2) increased in 96 
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the first 8 weeks of maturation and then plateaued in the following weeks, indicating that the 97 

differentiation predominantly occurs rapidly until week 8 and then reaches a more stable, mature cell 98 

composition from week 8 to 12 (Fig. S1). Hence, two time points were selected for the experiments in 99 

this paper.  100 

To determine which brain region best matches the neural organoids, RNA-seq data from neural 101 

organoids differentiated for 8 weeks were deconvoluted using the BrainSpan developmental 102 

transcriptome34. Deconvolution using multiple methods converged on the temporal neocortex and 103 

ventrolateral prefrontal cortex (Fig. S1). 104 

Expression of the postsynaptic marker HOMER1 and presynaptic marker Synaptophysin (SYP) was 105 

detected in both week 8 and 12 organoids (Fig. 2A). Gephyrin-positive signal was close to background 106 

with few positive cells at week 8 and increased at week 12 (Fig. 2B). This indicates that there are more 107 

developed inhibitory synapses at the later stage of differentiation. Gene expression of GABRA1 which 108 

encodes the inhibitory GABAA receptor followed the same pattern (Fig. 2C). Gene expression of 109 

postsynaptic marker HOMER1 was steady over time (Fig. 2C).  110 

Both AMPA and NMDA receptors play an important role in synaptic plasticity including STP/LTP23,35, 111 

therefore showing expression of these receptors was imperative for this study to give insight into the 112 

mechanisms of learning and memory in neural organoids. The increase in gene expression over time was 113 

the greatest for GRIN1, which plateaued around week 8 to week 12 (Fig. 2C). GRIN2A and GRIN2B both 114 

increased over time with a higher increase of GRIN2A expression than GRIN2B, suggesting increasing 115 

maturity36(Fig. 2C). GRIA1 expression also increased over time and plateaued after week 8 (Fig. 2C). 116 

Thus, plateau in expression of these subunits suggests the organoids reached a mature state between 117 

week 8 to 12. 118 
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Dynamic Expression of Immediate Early Genes Associated with Synaptic Plasticity and Cognitive 119 

Functions Over Time   120 

IEG are crucial for cognitive functions as they act directly at the synapse and mediate the cellular 121 

processes that are essential for learning and memory consolidation24. To demonstrate that the neural 122 

organoids have the necessary cellular components for cognitive processes, we quantified IEG expression 123 

during the course of differentiation (Fig. 2D and E). Gene expression of ARC, BDNF, NPAS4, NPTX2, FOS 124 

was significantly increased over time, while EGR1 was already expressed in NPCs and remained at levels 125 

close to those in NPCs. Expression of upstream regulators of IEGs (CREB and CAMK2A) also increased 126 

over time with the largest increase in expression in CAMK2A (Fig. 2F). In addition, SYNGAP1, which plays 127 

a key role in regulating synaptic function and plasticity37 was stably expressed throughout the course of 128 

differentiation, starting from NPCs. The levels of IEGs proteins (NPTX2, ARC, and BDNF) and upstream 129 

IEG transcription factor CREB were comparable between week 8 and 12 confirming the plateau observed 130 

in RT-qPCR data (Fig. 2D).  131 

Finally, we assessed the expression of microRNAs known to be involved in synaptic plasticity (Fig. 2G)38. A 132 

strong increase in expression of mir-124 was observed. mir-132 and mir-134 had opposite expression 133 

patterns: mir-132 was increased over time while expression of mir-134 was first strongly induced from 134 

NPC to 2 weeks of differentiation and was downregulated thereafter (Fig. 2G).  135 

Evidence of Spontaneous Electrical Activity and Highly Interconnected Neuronal Networks in Neural 136 

Organoids 137 

Electrophysiology over the course of organoid development was characterized using calcium imaging and 138 

HD-MEAs. In addition to the expression of molecular machinery involved in synaptic plasticity, neural 139 

organoids showed highly patterned spontaneous electrical activity (Fig. 3 and Fig. 4). Calcium transients 140 

were measured using Fluo-4 biweekly from week 2 to 14. Whole organoid change in fluorescence over 141 
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resting fluorescence intensity (delta F/F) was quantified and compared across age groups (Fig. 3A). From 142 

these plots, the average rise time, peak amplitude, firing rate, decay time, burst duration, number of 143 

peaks, and percentage of active organoids per time point were calculated (Fig. 3B). Bursts were 144 

identified as peaks in calcium transients. Burst firing rate was calculated as the number of burst peaks 145 

per second.  146 

Calcium imaging showed that 2-week-old organoids did not exhibit spontaneous oscillatory calcium 147 

dynamics. The first signs of oscillatory calcium activity were detected first at week 4, with high-frequency 148 

oscillations at weeks 4 and 6, as shown by higher burst firing rates and number of peaks (Fig. 3, Vid. S1, 149 

and Fig. S2). At week 8, oscillation patterns shifted to lower frequency with fewer calcium peaks, lower 150 

burst firing rates, higher amplitudes, longer burst durations, and larger decay times (Fig. 3, Vid. S2, and 151 

Fig. S2). The plateau shape of the oscillations at week 8 indicated multiple neuronal action potentials 152 

contributing to the calcium oscillation (Fig. 3A). The decrease in the number of peaks from week 6 to 153 

week 8 suggested more synchronous calcium transients, indicating a more densely connected mature 154 

network. From weeks 10 to 14, burst duration, decay time, and number of peaks did not change 155 

significantly, but amplitude and percentage of active organoids decreased, suggesting a plateau in 156 

differentiation around week 8. 157 

In addition to whole organoid analysis, delta F/F was quantified in single neurons for weeks 4-10 (Fig. 158 

S2). Maximum intensity z-projections of time course videos showed that neuronal networks at weeks 4 159 

and 6 were less connected compared to weeks 8 and 10 (Fig. S2). Neurons spiked at higher frequencies 160 

and with less synchronization (Fig. S2A and Fig. S2B). By weeks 8 and 10, larger burst amplitudes 161 

contributed by multiple action potentials across different neurons, which were spiking simultaneously 162 

(Fig. S2C and Fig. S2D). At week 10, the propagation of an action potential across connected neurons was 163 

observed by the slightly delayed peak burst amplitude of region of interest (ROI) 1 compared to ROI 2 164 

and 3 (Fig. S2D).  165 
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To measure network activity over time, HD-MEAs were used to obtain high spatial and temporal 166 

resolution of organoids’ electrical activity across two different time periods (weeks 6-to-9 and 10-to-13) 167 

(Fig 4). Representative raster plots indicated differences in spontaneous electrical activity in organoids 168 

depending on their age (Fig. 4A-B). The 6-to-9-week organoids have a significantly higher burst 169 

frequency, number of spikes within burst, and percent active area than the later time point group (Fig. 170 

4C). They also had significantly shorter inter-burst intervals compared to the more mature group, 171 

consistent with the calcium imaging data in Figure 3.  172 

To further assess the organoids’ functionality, neuronal connectivity and criticality were quantified from 173 

the same HD-MEA time course data (Fig. 5 and Fig. 6). In both age groups, changes in functional 174 

connections between electrodes can be observed over time on the HD-MEA (Fig. 5A). More dense 175 

connections and active electrodes were observed in the 10-to-13-week group compared to the 6-to-9-176 

week group as denoted by the thickness of the black lines and red electrodes respectively in the 177 

connectivity graphs (Fig. 5A). However, while both groups showed significant increases in the number of 178 

nodes over time, the 10-to-13-week group had a significantly lower number of nodes overall in their 179 

functional connectivity matrices compared to the 6-to-9-week group (Fig. 5B). To quantify the shift in the 180 

strength of the edges over time, an edge weight distribution was calculated by measuring the fraction of 181 

total possible edges that is realized (Fig. 5C). Interestingly, most edges are activated across all samples 182 

over time (Fig. 5C). The 10-to-13-week group shows no significant changes over time while the 6-to-9-183 

week group shows a temporary significant decrease in strength of edges at DOM 7 (Fig. 5C). Finally, the 184 

organoid’s modularity was significantly different across age groups and significantly decreased in both 185 

age groups over time, indicating that the networks started with multiple communities but then became 186 

more of a single community over time (Fig. 5D and Fig. S3). The decrease in modularity may also be due 187 

to an increased number of nodes. Despite the similarity in modularity, the 10-to-13-week group 188 
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maintained a significantly higher modularity over time, indicating that it maintained more communities 189 

or network connections (Fig. 5D).  190 

Criticality is a state of complex systems such as a brain, which operates at the critical point between 191 

organization and randomness, demonstrating how neuronal network may navigate between the two 192 

stages of chaos and order39. The critical point state is a key for brain functionality, as at this stage it 193 

operates at its optimal and most efficient computational capacity and is highly sensitive to external 194 

stimuli. Organoids exhibited properties of criticality over the course of differentiation (Fig. 5E-G). The 195 

more mature 10-to-13-week group showed a consistently lower and more tightly regulated Deviation 196 

from Criticality Coefficient (DCC) value and higher branching ratio (BR, approaching 1) compared to the 197 

6-to-9-week group (Fig. 5E). While the BR in the 10-to-13-week group decreased non significantly over 198 

the period of 3 weeks on the HD-MEAs, the 6-to-9-week group gradually increased significantly, 199 

demonstrating maturation and pursuit of criticality thus stable state (Fig. 5F). Additionally, the shape 200 

collapse error (SCe) for the 10-to-13-week group is significantly lower than that of the 6-to-9-week 201 

group, indicating a more accurate scaling of avalanches of varying durations to a universal shape in the 202 

10-to-13-week group (Fig. 5G). This analysis suggests that the 10-to-13-week group is in a more critical 203 

state compared to the 6-to-9-week group. However, over time, both the BR and SCe appear to converge 204 

for both groups, suggesting that the 6-to-9-week group exhibited increasingly critical dynamics, while 205 

the 10-to-13-week group showed diminishing critical dynamics on the MEA over time.    206 

Pharmacological Characterization of Synaptic Transmission Changes Neuronal Bursting Activity and 207 

Immediate Early Gene Expression  208 

To validate reactiveness to network modulations, pharmacological agents were used to cause neuronal 209 

depolarization and disrupt excitatory glutamatergic synaptic transmission. Expression of IEG and synaptic 210 

plasticity-related genes was measured 2 hours after exposure to pharmacological agents and compared 211 
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to the corresponding untreated control in two age groups (8 weeks and 13 weeks) (Fig. 6). To disrupt 212 

excitatory glutamatergic synaptic transmission, organoids were treated with 2,3-dioxo-6-nitro-7-213 

sulfamoyl-benzo[f]quinoxaline (NBQX), an AMPA receptor antagonist, D-2-amino-5-phosphonovalerate 214 

(AP5) a NMDA receptor antagonist. 4-Aminopyridine (4-AP), a voltage-gated potassium (Kv) channel 215 

antagonist, and bicuculline, a GABA receptor antagonist, were used to enhance neuronal depolarization 216 

and synaptic transmission (Fig. 6).  217 

Bicuculline showed a slight increasing trend in gene expression across both age groups (Fig. 6A), while 218 

exposure to 4-AP led to significant changes in NPAS4 and FOS expression at both age groups. Expression 219 

of ERG1 was significantly induced only at week 13. Lastly, ARC expression showed an increased trend in 220 

expression after 4-AP exposure (Fig 6A). No significant changes in gene expression were seen after 221 

exposure to NBQX and AP5 individually or combined (Fig. 6 and Fig S3).  222 

Since IEG were more strongly perturbed at week 13, the effects of these chemicals on 223 

electrophysiological activity were assessed in this age group. Organoids were exposed to the 224 

pharmacological agents directly on the HD-MEA at day on MEA (DOM) 29. Network recordings were 225 

taken before the addition of the chemicals as a baseline. Network activity was then recorded 226 

immediately after, 2, and 4 hours after the exposure and recorded parameters were compared to 227 

baseline activity (Fig. 6C and D). 4-AP and bicuculline increased network activity while NBQX+AP5 228 

decreased network activity over time (Fig. 6C). More specifically, bicuculline caused an insignificant 229 

increasing trend in mean burst frequency and interburst interval coefficient of variation (CV) over time, a 230 

significant increase in percent of spikes within bursts 0 minutes after and increasing trend in percent of 231 

spikes within bursts 2 and 4 hours after exposure. In addition, bicuculline caused no significant changes 232 

or trends in burst duration over time. 4-AP exposure caused a significant increase in mean burst 233 

frequency and increasing trend in mean percent of spikes within bursts after 0 minutes after. In addition, 234 

the percentage of spikes within bursts maintains the increasing trend within 2 and 4 hours after 235 
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exposure. 4-AP also caused a decreasing trend in burst duration that is maintained over time. Finally, 4-236 

AP caused no significant changes or trends in interburst interval CV over time. Additionally, NBQX/AP5 237 

exposure completely abolished network bursting activity (Fig. 6C and 6D, Fig. S3). Overall, NBQX+AP5 238 

significantly decreased mean burst frequency, interburst interval CV, burst duration, and percentage of 239 

spikes within bursts from 0 minutes to 4 hours. Interestingly, we found that NMDA receptors are largely 240 

responsible for neuronal network bursting, as exposure to only AP5 was enough to abolish the bursting, 241 

while blocking only AMPA receptors with NBQX only partially reduced the bursting (Fig. S3). These 242 

results agree with previous reports showing that Ketamine and Xenon which act on NMDA receptors, 243 

lead to burst silencing and reduction in vitro40,41. No changes in firing rate, spikes per burst, and burst 244 

duration were seen after NBQX application alone but when AP5 or NBQX+AP5 was applied, no bursts 245 

were observed therefore firing rate, spikes per burst, and burst duration were not quantifiable (Fig. S3).  246 

Theta-Burst Stimulation Modulated Synaptic Plasticity  247 

To generate input specific evoked activity from electrical stimulation, theta burst stimulation (TBS) was 248 

delivered to 13-week-old organoids 4 times with 13-minute intervals between TBS (Fig. 7A) on the HD-249 

MEA. Four to five organoids were seeded on each well and grown on the MEA until DOM 32 and 33 250 

before stimulation (Fig. S7). The MaxWell HD-MEA has an electrode size of 8.75 x 12.50 µm², and the 251 

electrode center-to-center distance is 17.5 µm, allowing one neuron to be recorded by multiple 252 

electrodes. For input-specific synaptic plasticity, one neuron from each well was identified based on its 253 

footprint and spike-sorted neuron traces using the Axon Tracking assay in the MaxLab-live software (Fig. 254 

S5). Then, 32 electrodes focusing on a single neuron in each well were stimulated using a modified 255 

version of previously described LTP induction protocols42–44 (Fig. 7A). To optimize the stimulation of each 256 

neuron, electrodes along the entire neuron including the soma and axon were targeted for stimulation.  257 
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To investigate short-term changes in evoked activity, total evoked activity per bin (10 ms), total spikes, 258 

and total active area were measured. Active area before and after each stimulation is shown for each 259 

well (Fig. 7B), indicating that wells 4-6 showed significant changes in active area in response to the 260 

stimulus. Representative evoked activity heatmaps for wells 4-6 indicated large responses in the 261 

milliseconds following stimulation (Fig. 7C). An interesting pattern emerged: after each TBS trial, the 262 

evoked response occurred faster until it was immediate, then returned to a longer latency, repeating this 263 

pattern across all four TBS sets for wells 4-6 but not in wells 1-3 (Fig. S9). Wells 1-3 showed no increased 264 

active electrodes, spikes, or evoked activity above threshold following TBS (Fig. 7D). 265 

To determine an activity threshold, a separate experiment treated one well with NBQX/AP5 to block 266 

glutamatergic receptors-dependent synaptic plasticity. The 90th, mean, and 10th percentile responses 267 

from the NBQX/AP5-treated well is shown overlayed on the plots as the dotted blue, black, and red lines, 268 

respectively (Fig. 7D). Wells 1-3 did not exceed this threshold, while wells 4-6 consistently did across all 269 

four TBS sets (Fig. 7D). Aggregated data for active area, total spikes, and evoked activity show that wells 270 

4-6 had a bimodal distribution with increased activity, while wells 1-3 only exhibited a mode around 0 271 

(Fig. 7E). Wells 1-3, with lower baseline activity and connectivity compared to wells 4-6, did not respond 272 

above threshold, whereas the second mode in wells 4-6 suggests short term potentiation, as stimulation 273 

lead to short term increases in activity.  274 

Additionally, criticality and connectivity were quantified before, during, and after TBS. The BR increased 275 

during and after TBS, while the DCC median decreased, and the SCe median remained stable during TBS 276 

but decreased after TBS (Fig. S7A). These results suggest TBS caused the organoids to approach a more 277 

critical state, maintained for at least 3 hours post-TBS. Overall, functional connectivity and network 278 

dynamics remained largely unchanged over time (Fig. S7B).  279 
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Long-term effects of TBS on organoids were assessed by analyzing the number of units, total spikes, and 280 

normalized spikes across units for wells 4-6 (Fig. S7C). No consistent trends over time were observed in 281 

these metrics for wells exhibiting STP (Fig. S7C). Voltage plots before and after stimulation showed 282 

limited significant changes: well 5 had a significant decrease in maximum peak amplitude 120 minutes 283 

post-stimulation, while well 6 showed a significant increase (Fig. S7D), correlating with the number of 284 

spike-sorted units in wells 5 and 6. Interspike Interval (ISI) was calculated with a 4 Hz threshold (up to 285 

250 ms) to account for changes in theta entrainment/phase locking. Well 4 showed mostly lower ISIs 286 

except after stimulation four (Fig. S10E). Well 5 had lower ISIs after the first stimulation throughout 180 287 

minutes, while well 6 had higher ISIs after the first stimulation throughout 180 minutes. The coefficient 288 

of variation (CV) was used to measure ISI variability across timepoints7. A CV of 2.5 indicates a perfect 289 

Poisson process7,45, while a CV near zero indicates a perfectly periodic spike train7,46. Well 4 showed a 290 

significant CV decrease after stimulation four, well 5 showed a significant CV increase 180 minutes post-291 

first stimulation, and well 6 showed a significant CV decrease 120 minutes post-first stimulation (Fig. 292 

S7F). These data indicate there are some input-specific TBS-induced changes in connected neurons over 293 

hours but not the overall network, supporting the use of this model to modulate synaptic plasticity and 294 

detect changes in synaptic plasticity in connected neurons. 295 

Discussion  296 

By studying key molecular and functional changes in organoids, we aim to validate neural organoids as 297 

an in vitro model of learning and memory providing a human-relevant platform for translating basic 298 

science to human applications. Despite recent studies on bMPS electrophysiology, investigations into 299 

connectivity, criticality, and synaptic plasticity remain limited. Our study examined spontaneous and 300 

evoked neuronal network dynamics, functional connectivity, IEG expression, and synaptic plasticity, 301 

offering insights into learning and memory in bMPS systems. IEGs are restricted to the neurons that are 302 

engaged in learning, making their expression a prerequisite of learning capabilities. We showed the 303 
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expression of ARC, EGR1, BDNF, NPAS4, NPTX2, and FOS in organoids. ARC and EGR1 (also known as 304 

Zif268, Krox-24, or NGFI-A) are calcium-regulated IEGs essential for late LTP and long-term memory47,48. 305 

Additionally, CAMK2A is a key protein involved in synaptic plasticity and memory49,50. When CAMK2A is 306 

activated, it phosphorylates CREB allowing it to bind to the cAMP response element on the DNA51. CREB, 307 

while not an IEG, is a transcription factor vital for the expression of IEGs including ARC and BDNF 
52,53.  308 

CAMK2 can phosphorylate SYNGAP1 mediating LTP54–56. Therefore, the expression of IEGs and synaptic 309 

plasticity related genes supports the potential for LTP in the neural organoids (Fig. 2C). We also showed 310 

the expression of synaptic plasticity related miRNAs. miR-124 controls signaling molecules involved in 311 

synaptic plasticity and memory formation and miR-132 responds to neuronal activity in vivo and may 312 

play a role in experience-dependent neuronal plasticity57,58. In contrast, mir-134 is important for synaptic 313 

downscaling59 and inhibition of mir-134 has been shown to rescue LTP60. Confirming this, our model 314 

showed reciprocal expression of miR-124 and miR-132 with miR-134.  315 

Using calcium imaging, organoids exhibited spontaneous bursting starting at 4 weeks of differentiation. 316 

Calcium imaging transients showed higher frequency bursting events in week 4 to 6 organoids. At week 317 

8, calcium transients had longer burst duration indicating sustained action potentials. These changes in 318 

calcium dynamics over time are consistent with results from dissociated rat cells cultured in 3D61,62. The 319 

changes in calcium transients over time could be attributed to changes in cellular populations, such as 320 

the maturation of oligodendrocytes. Oligodendrocyte populations mature after eight weeks of 321 

differentiation11 which is also when the largest change in calcium oscillation occurs, suggesting their 322 

contribution to these changes. The recording of Ca2+ transients were technically limited to 6 min, thus 323 

the absence of the oscillation at week 12 can indicate longer interburst intervals rather than absence of 324 

the activity (activity confirmed with HD-MEA recordings). 325 

Further HD-MEA analysis showed differing network dynamics among the different age groups. When 326 

compared to 10-13 age group, the week 6-9 group had higher frequency bursting events, a larger 327 
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number of nodes and edges and lower number of modularity indicating a robust and connected network 328 

of neurons; showed higher neurite outgrowth as shown in active area over time (Fig. 4C) likely 329 

contributing to the lower modularity (Fig. 5D). As organoids matured, they had fewer nodes but stronger 330 

connections, approaching a critical state, confirming system maturity. Understanding criticality in 331 

organoid models allows us to better understand the relevance and application of these models in 332 

experimental studies.   333 

Electrical activity over time showed a high standard deviation across both groups, with a higher standard 334 

deviation in the week 10-13 group. A small subset of the 10-13 group was never active (Fig. 3B and Fig. 335 

4C) while the majority of week 6-9 organoids remained active throughout this period (Fig. 3B and Fig. 336 

4C). This highlights the variability of organoid’s HD-MEA electrophysiology data and implies that the 337 

sample size needs to be high enough to account for this variability.  338 

Neural organoids responded as expected to pharmacological challenges with receptor agonists and 339 

antagonists, indicating functional synapse receptors and channels. 4-AP and bicuculline have been used 340 

in previous studies to induce chemical long-term potentiation (LTP) as they increase synaptic 341 

transmission63. Therefore, stimulating with 4-AP and bicuculline, then quantifying IEG expression and 342 

neuronal network activity confirmed that organoids express the molecular machinery involved in LTP. 343 

The organoids responded electrically to bicuculline, but the bulk RNA gene expression data showed no 344 

significant increase in IEG expression after bicuculline treatment. This is likely because the population of 345 

GABAergic neurons is smaller than Glutamatergic neurons in the model, making the IEG expression 346 

changes upon blockage of GABAergic neurons more difficult to detect with bulk gene expression. It’s 347 

been estimated that the ratio of GABAergic neurons to other neurons in cortical regions is 1 to 5 or 20 348 

percent64,65 therefore our small population of GABAergic neurons corresponds with these estimations.  349 
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NPAS4 gene expression is induced by calcium influx in the post-synaptic terminal after neuronal 350 

activity66, this correlates with our findings that 4-AP exposure caused an increase in NPAS4 expression in 351 

both week 8 and 13 organoids.  Interestingly, NPAS4 regulates the expression of multiple genes including 352 

BDNF and NPTX2
66. While we detected an increase in NPAS4 gene expression, we did not observe an 353 

increase in its downstream targets BDNF and NPTX2. This can be explained by the time point of sample 354 

collection (2 hours after exposure), and an increase in the downstream targets might be seen later. NBQX 355 

and AP5 disrupt excitatory glutamatergic synaptic transmission, specifically network bursting, therefore, 356 

as expected there is no change in expression of synaptic plasticity related genes after addition of these 357 

compounds.  358 

After electrical theta burst stimulation, neuronal synaptic plasticity, connectivity and criticality were 359 

investigated. We identified candidate electrodes that showed an increase in activity immediately after 360 

stimulation and were maintained for short time periods. This approach towards teasing apart input 361 

specific STP/STD on HD-MEAs by identifying one neuron to stimulate (using 32 electrodes), allows for the 362 

determination of input specific synaptic plasticity rather than network level events that previous MEA-363 

based studies have investigated. Longer time scale analysis indicated slight shifts in neuron level voltage, 364 

ISI, and CV values demonstrating the TBS could have input specific long-term effects on sub populations 365 

of neurons within organoids. In addition, criticality changed after TBS and drove the organoids to a more 366 

critical state. Despite this, critical dynamics after the TBS were not as pronounced as previously reported 367 

when neuronal systems are exposed to more structured stimulation in a closed-loop setup27. This 368 

supports the theory that neuronal criticality arises in dynamic systems when presented with structured 369 

information, maximizing information capacity and transmission through the network. Here, less 370 

structure was contained in the signal presented to the cultures compared with previous work27 and 371 

therefore while there was a shift towards more critical state, a greater shift might be observed if the 372 

signal contained greater complexity. These results highlight the value of considering criticality as a 373 
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continuum. The ability to see nuanced changes supports using criticality as an endpoint to assess 374 

synaptic plasticity. The lower baseline activity in wells 1-3 resulted in a relative low number of active 375 

neurons after spike sorting, which can explain the absence of response after stimulation in these wells. 376 

Thus, a certain baseline activity threshold should be set up and used as acceptance/validity criteria for 377 

such experiments to increase reproducibility.  378 

While this study demonstrates an initial attempt to examine input-specific synaptic plasticity in human 379 

neural organoids using a HD-MEA, further research using more complex models is needed. Cortical-380 

hippocampal assembloids would be essential to study the mechanisms of learning and memory, as 381 

specific synapses in the hippocampus are pivotal for these functions67–69.  382 

Combining these functional endpoints with established disease models in organoids will enhance 383 

research on disease pathophysiology, drug development, toxicant identification and various genetic, 384 

infectious, neurodevelopmental, and neurodegenerative disorders.  385 

This study builds on the concept of OI13 by exploring the molecular and functional aspects of synaptic 386 

plasticity underlying learning and memory capabilities in neural organoids. An OI community is forming, 387 

which is embracing the ethical challenges of this approach70,71. 388 

Future work will explore reinforcement learning in the bMPS model and in more complex bMPS models, 389 

advancing the concept of “learning-in-a-dish” towards OI. 390 

METHODS 391 

RESOURCE AVAILABILITY 392 

Lead contact 393 

Further information and requests for resources and reagents should be directed to and will be fulfilled 394 

by the lead contact, Lena Smirnova (lena.smirnova@jhu.edu). 395 
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Materials availability 396 

This study did not generate new unique reagents.  397 

EXPERIMENTAL MODEL AND SUBJECT DETAILS   398 

Brain Microphysiological System 399 

Female fibroblast (donor cell material: MRC-9) derived NIBSC8 (N8) iPSCs were obtained from National 400 

Institute for Biological Standards and Control, NIBSC (NIBSC), UK with a certificate of analysis identifying 401 

that they have no mycoplasma, bacteria, or viruses and have normal karyotype as identified by SNP 402 

Array. hiPSCs were cultured in mTESR-Plus medium (StemCell Technologies) at 5% O2, 5% CO2 and 37 °C. 403 

Stemness was confirmed with Oct4, Nanog, TRA-1-61, and Sox2 by immunocytochemistry and flow 404 

cytometry (Romero et al., 2023). hiPSCs cells were then differentiated in a monolayer to neuroprogenitor 405 

cells (NPCs) using a serum-free, neural induction medium (Gibco, Thermo Fisher Scientific).  Nestin/Sox2-406 

positive NPCs were then expanded and seeded in uncoated 6-well plates. These cultures were kept with 407 

neural induction medium at 37°C, 5% CO2, and 20% O2 under constant gyratory shaking (88 rpm, 19 mm 408 

orbit) to form spheres. After 48 hours, differentiation was induced by replacing the neural induction 409 

medium with brain differentiation medium: B-27™ plus kit, 1% Glutamax (Gibco, Thermo Fisher 410 

Scientific), 10 ng/ml human recombinant GDNF (GeminiBio™), 10 ng/ml human recombinant BDNF 411 

(GeminiBio™), 1% Pen/Strep/Glutamine (Gibco, Thermo Fisher Scientific). Half changes of medium were 412 

performed 3 times a week.  413 
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Graphical Abstract. Overview of the main components of the experiments conducted. Figure created 606 

using BioRender.com.  607 

Figure 1. Schematic overview of the experimental approach. A) Experimental timeline. B) Overview of 608 

avalanche and network connectivity analysis for time series electrophysiology data from organoids 609 

plated on HD-MEAs. C) Schematic representation of synaptic transmission modulation by 610 

pharmacological and electrical stimuli to induce synaptic plasticity. Figure created using BioRender.com.  611 

Figure 2. Expression of glutamatergic and GABAergic receptor and synaptic plasticity related genes in 612 

neural organoids over course of differentiation.  A) Representative immunocytochemistry images of 613 

organoids showing postsynaptic marker (HOMER1) and presynaptic marker (SYP) in 8- and 12-week 614 

cultures. In composite images, HOMER1 is shown in blue, and SYP is shown in yellow. Scale bars are 100 615 

µm, 50 µm, and 10 µm respectively. B) Presence of inhibitory post-synaptic marker (Gephyrin), pre-616 

synaptic marker (SYN1) and dendrites (MAP2) in 8- and 12-week organoids. In composite images, 617 

Gephyrin is shown in blue, SYN1 in yellow, and MAP2 in grey. Scale bars are 100 µm and 50 respectively. 618 

For panels A-B) All images were taken at 20x, 100x, and 100x + 4x zoom and processed with ImageJ for 619 

visualization. C) Gene expression of Gamma-Aminobutyric Acid Type A Receptor Subunit Alpha1 620 

(GABRA1), Glutamate Ionotropic Receptor NMDA Type Subunit 1 (GRIN1), Glutamate [NMDA] Receptor 621 

Subunit Epsilon-1 (GRIN2A), and Glutamate [NMDA] Receptor Subunit Epsilon-2 (GRIN2B), Glutamate 622 

Ionotropic Receptor AMPA Type Subunit 1 (GRIA1), homer scaffold protein 1 (HOMER1) in organoids 623 

over the course of differentiation. D) Representative immunocytochemistry images of weeks 8 and 12 624 

organoids stained for Neuronal Pentraxin 2 (NPTX2), Activity -Regulated Cytoskeleton-associated protein 625 

(ARC), cAMP response element-binding protein (CREB), and Brain-Derived Neurotrophic Factor (BDNF). 626 

Scale bar is 100 µm. E) Gene expression over the course of differentiation of immediate early genes (IEG) 627 

ARC, BDNF, Neuronal PAS Domain Protein 4 (NPAS4), NPTX2, and Fos proto-oncogene AP-1 transcription 628 

factor subunit (FOS), and Early Growth Response 1 (EGR1). F) Gene expression of Synaptic Plasticity 629 
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Related Genes CREB, calcium/calmodulin-dependent protein kinase II A (CAMK2A), Synaptic Ras GTPase-630 

activating protein 1 (SYNGAP1). G) Gene expression of Synaptic Plasticity Related miRNA. For all gene 631 

expression plots, data is shown as box and whiskers plot (extending from the 25th to 75th percentiles) 632 

and represented as log2(FC) normalized to NPCs from 2-3 independent experiments with 3 technical 633 

replicates each. In all qPCR experiments, ACTB was used as a reference gene.  634 

Figure 3. Neural organoid calcium oscillatory dynamics across different time points to show maturation 635 

of spontaneous network bursting. A) Representative changes in fluorescence over resting fluorescence 636 

(∆F/F) graphs across 360 seconds for each time point. B) Average rise time, peak amplitude, firing rate, 637 

decay time, burst duration, number of peaks, and percentage of active organoids shown across different 638 

time points. At least 8 individual organoids across at least 3 independent experiments were imaged and 639 

quantified for each time point. Statistics was performed using One-way ANOVA and a Tukey post-hoc 640 

test. Changes over time were significant for rise time (p < 0.05), burst firing rate (p<0.0001), peak 641 

amplitude (p<0.0001), decay time (p < 0.01), burst duration (p < 0.001), and total number of peaks per 642 

organoid (p<0.0001). Pairwise comparisons are shown on the figure: # = Significant difference from week 643 

4, Ŧ = Significant difference from week 6, $ = Significant difference from week 8, ¥ = Significant difference 644 

from week 10, Y = Significant difference from week 12, • = Significant difference from week 14, * = 645 

Significant difference from all weeks. For exact p values see supplementary tables 4-8. See also Figure S2 646 

for single neuron calcium imaging analysis.  647 

Figure 4. Changes in spontaneous electrical activity in neural organoids throughout development. 648 

Representative raster plots and Active Area plots from HD-MEAs recording showing spontaneous 649 

electrical activity over time during (A) weeks 6-9 and (B) weeks 10-13 of differentiation. DOM: Days on 650 

MEAs. C) Network dynamic metrics from both organoid age groups seeded on HD-MEA over time. Data 651 

shown represents mean and standard deviation plotted from 2 independent experiments with 5 to 6 HD-652 

MEA wells per group per experiment with 2-5 organoids per well. Statistics was performed using a 653 
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mixed-effects model with matching and a Tukey post-hoc test. P<0.05 was considered significant. For 654 

exact p values from pairwise comparisons see supplementary documents. ISI: Interspike Interval. IBI: 655 

Interburst Interval. 656 

Figure 5. Neural organoids show highly interconnected neuronal networks and criticality throughout 657 

development. A) Representative plots of functional connectivity at DOM 3, 9, 15, and 21 for the week 6-658 

9 and week 10-13 old organoids. For clarity of visualization, only the 200 connections (edges) with the 659 

highest mutual information are shown. Each red dot represents an electrode, and the lines indicate the 660 

connections between electrodes. The thickness of the line indicates the weight of connectivity. See also 661 

Figure S4 for an expanded version of network connectivity across all days on the MEA. B) Average 662 

number of nodes; C) Average Fraction of Total Possible Edges; D) Average modularity over time in week 663 

6-9 and week 10-13 organoids. E) Number of criticality coefficient (DCC) F) Branching ratio (BR) G) Shape 664 

collapse error (SCe) over time in 6-9 week and 10-13 week old organoids. Panels B-D show mean and 665 

standard deviation. Panels D–G show regression lines with a 95% confidence interval. Data plotted is 666 

from 2 independent experiments with 5-6 HD-MEA wells per group per experiment. Statistics were 667 

performed using a 2-way ANOVA and a Tukey post-hoc test. P<0.05 was considered significant. For exact 668 

p values from pairwise comparisons see supplementary documents. 669 

Figure 6. Pharmacological characterization of synaptic transmission changes of neuronal spiking and 670 

bursting activity and Immediate Early Gene expression. Expression of ARC, NPAS4, FOS, and EGR1 after 2 671 

hours of exposure to 20 µM AP5+20 µM NBQX, 10 µM bicuculline and 100 µM 4-AP in (A) 8-week and (B) 672 

13-week old organoids, represented as box and whisker plots (25th to 75th percentiles) and as log2(Fold 673 

Change) normalized to negative control (organoids with no chemical treatment = 2h Control). ACTB was 674 

used as a reference gene. Data represents 3 independent experiments with 2 technical replicates each 675 

for 8-weeks and 4-5 independent experiments with 2 technical replicates each for 13-week time point. 676 

Statistics were calculated based on the technical replicate average from each independent experiment, 677 
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with one-way ANOVA and post-hoc Dunnett’s tests *p < 0.05, ***p < 0.001, ****p < 0.0001 C). 678 

Representative Raster Plots from MEA recordings in week 13 old organoids (from 6 wells per condition) 679 

before and after treatment with bicuculline, 4-AP, and NBQX+AP5. D). Burst Frequency, Interburst 680 

interval coefficient of variation, burst duration, and percentage of spikes within bursts plotted for 681 

Bicuculline, 4-AP, and NBXQ+AP5 treated wells before, 0 mins, 2 hours, and 4 hours after exposure. Data 682 

represents 3 independent experiments with 2 HD-MEA wells per experiment per chemical (n=6). 683 

Statistical significance was calculated with repeated measures ANOVA with post-hoc Dunnett tests. 684 

p<0.05 was considered significant. Pairwise comparisons can be seen in the supplementary tables 9-19 685 

and significant groups are shown in the figure. 686 

Figure 7. Theta-Burst Stimulation Modulated Short-Term Plasticity. A) Graphical summary of TBS 687 

protocol. i-The TBS was performed four times spaced by 13 minutes. ii-Within each TBS there are 10 688 

trails with four spikes per trial. iii-The schematic of each trial. B) Percent active area before and after 689 

stimulation across all 6 wells. Wells 4-6 show consistent increase or decrease in active area in response 690 

to stimulation while wells 1-3 show little change. C) Representative heat map evoked activity response 691 

for wells 4-6. Bin size is equal to 10 ms. The stimulation pulses are the light grey vertical lines, and the 692 

dashed orange lines indicate the start/stop time of the analysis window for calculating evoked activity. D) 693 

Active electrodes, total spikes, and evoked activity for wells 1-3 and then 4-6. The 90th percentile 694 

response of a well treated with NBQX/AP5 before and during stimulation is shown in blue overlayed on 695 

all graphs. The mean response of a well treated with NBQX/AP5 before and during stimulation is shown 696 

in black overlayed on all graphs. The 10th percentile response of a well treated with NBQX/AP5 before 697 

and during stimulation is shown in red overlayed on all graphs. Responses above this NBQX/AP5 region 698 

indicate responses generated by glutamatergic receptors. E) Histograms of total evoked activity per bin 699 

(bin size of 10 ms), total spikes, and total active area. The top three graphs show data aggregated across 700 

all electrodes for all 4 TBS for wells 1-3 and the bottom three graphs show data aggregated across all 701 
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electrodes for all 4 TBS for wells 4-6. Wells 1-3 show little to no response while wells 4-6 indicate evoked 702 

responses on the millisecond timescale.  703 

Supplemental Figure 1. A) Expression of NPC and proliferation markers, B) astrocyte marker, C) glial 704 

markers D) neuronal dendrite marker at weeks (W) 2, 4, 8, 10 and 12 of organoid differentiation. A-D) 705 

Data is represented as log2 of the difference in expression, normalised to NPCs. ACTB was used as a 706 

reference gene. Data represents 2-3 independent experiments with 3 technical replicates each. E) 707 

Estimated brain region proportions of W8 organoids using multiple deconvolution methods (ordinary 708 

least squares, non-negative least squares regression, quadratic programming without constraints, 709 

quadratic programming non-negative and sum-to-one constraints, dtangle, robust linear regression, 710 

support vector regression) on bulk RNAseq data (4 biological replicates – T14-T17). 711 
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